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Abstract 
 The focus of this thesis is on the synthesis, characterization, and application of Pd-based 
single-atom catalysts (SACs). An emphasis will be placed on the characterization of these 
materials through X-ray Absorption Spectroscopy (XAS) and use as selective catalysts in 
oxidation and hydrogenation reactions.  
 The first project discusses the characterization of quasi-homogeneous AuPd catalysts and 
their use in the selective oxidation of crotyl alcohol. The quasi-homogeneous catalysts were 
synthesized via two reduction routes, co- and sequential reduction, with varying Au/Pd ratios from 
4/1 to 1/1. Transmission Electron Microscopy (TEM) and X-ray Photoelectron Spectroscopy 
(XPS) analyses were performed to confirm the bimetallic nature of these catalysts. X-ray 
Absorption Near-Edge Structure (XANES) was used to probe the local atomic structure of Au and 
Pd in these systems, while Extended X-ray Absorption Fine Structure (EXAFS) data was modelled 
to quantitatively discuss the surrounding environment of Au and Pd in terms of coordination 
numbers (CN) and bond distances between neighbouring atoms and the metal center. An oxidation 
reaction of crotyl alcohol into three products, crotonaldehyde, 1-butanol, and 3-buten-1-ol, was 
performed to quantify the selectivity of each catalyst to crotonaldehyde. As the ratio of Au/Pd 
decreased towards unity, the selectivity decreased in both catalyst systems (i.e., co- and 
sequentially reduced AuxPd). 
 The second project consists of the characterization of a heterogeneous Pd catalyst 
supported on graphitic carbon nitride (Pd/g-C3N4) and its use in the selective hydrogenation of an 
alkyne, 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol (MBE), an alkene. XANES and 
EXAFS analyses were performed to determine structural information with varying weight 
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percentages of Pd (0.1%, 0.5%, and 2.0%). These Pd/gC3N4 catalysts were compared in the 
hydrogenation of MBY to see if selectivity towards MBE was affected. There was no semblance 
of selectivity, though as the amount of Pd in g-C3N4 was increased, the activity of the catalyst 
increased. A comparison was then performed between a 0.5% Pd/g-C3N4, Pd NP and co-Au4Pd 
catalyst in the hydrogenation of MBY. Results show that the supported Pd catalyst was most active, 
though none of the catalysts were selective for this reaction, suggesting there is no structure-
sensitivity present. The loading of Pd in the heterogeneous catalyst was much lower than the co-
Au4Pd, showing that metal loading can be decreased without sacrificing activity.  
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Chapter 1: Introduction 
1. Introduction 
The scientific literature in the catalysis field contains studies on a multitude of different 
types of catalysts, with the goal of showing how well they perform in terms of activity or selectivity 
for a particular chemical reaction. In general, a catalyst is a chemical species/element that increases 
the rate of the reaction but is not consumed during the reaction. The activity of a catalyst is 
measured in terms of conversion of the substrate to products, or by turnover number (TON) and 
turnover frequency (TOF). Conversion is simply the percentage of product that is produced relative 
to the amount of starting material. A TON is a number that indicates, on average, how many 
molecules of a substrate can be converted by one atom of the catalyst. Selectivity is measured by 
how well a catalyst can allow the synthesis of a specific product over another from the starting 
material. An example reaction is shown in Scheme 1.1, where A is converted into two products, B 
and C. If the catalyst could solely produce B, that would be a highly selective catalyst. 
 
Scheme 1.1. A model reaction of some substrate A converting to two products, B and C. 
There are many different types of catalysts in the scientific literature. Some of these 
catalysts include biocatalysts, organometallic catalysts, electrocatalysts, and the broad field of 
nanomaterial catalysts.1 Biocatalysts are natural catalysts known as enzymes, which are used in 
numerous chemical transformation reactions to produce industrially relevant pharmaceuticals or 
chemical products that are used in everyday life.2 An organometallic catalyst is a catalyst that 
contains at least one bond between a metal species and a carbon molecule, such as ferrocene or 
titanocene.3 Electrocatalysts are increasingly popular catalysts that are used in energy and fuel 
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production. These catalysts incorporate transition metals into electrode-based frameworks to 
produce batteries and fuel cells, among many other electrochemical technologies.4 Lastly, the area 
of nanomaterial catalysis is vast, incorporating numerous types of metals into catalysts for lab-
scale and industrial-scale processes. Within this area of catalysis, three main morphologies will be 
discussed. Those three are the nanoparticle catalyst (NP), nanocluster catalyst (NC), and most 
pertinent to this work, the single-atom catalyst (SAC).  
 The focus of this thesis will be on comparing bimetallic AuPd NP catalysts, AuPd SACs, 
and supported Pd/g-C3N4 catalysts in selective oxidation and hydrogenation reactions, with a 
particular emphasis on the characterization of these catalysts.  
1.1 Nanomaterial Catalysis  
Nanomaterials have been in use, although unknowingly, for centuries; for example, the red 
and purple pigments seen in the Rose Window of the Cathedral of Notre Dame are Au NPs.5 Two 
centuries later, the first nanomaterials used for catalysis were Ag NPs in the field of photography 
and Pt NPs for the decomposition of hydrogen peroxide.6 Now in the 21st century, nanomaterials 
are used in numerous ways, such as quantum dots,7,8 carbon nanotubes,9,10 monometallic and 
bimetallic NPs,11–14 monometallic and bimetallic NCs,15–18 and SACs, with the latter being 
discussed throughout the body of this work. All of these catalysts are synthesized using a variety 
of elements, like C,10 Fe,19–21 Ti,22,23 Cu,24,25 Pd,26–29 Ag,30–32 and Au,33–35 to name a few of the 
more common ones. The popularity of nanomaterial catalysis is due to their ability to efficiently 
catalyze numerous reactions, such as oxidations,36–41 hydrogenations,13,42–46 and C-C coupling 
reactions.6,47,48 A major parameter that dictates the activity of these catalysts is size, and a detailed 
discussion on this attribute is found below.  
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1.1.1 How Catalyst Size Dictates Activity 
 Nanomaterials have specific size ranges that have been defined in the literature. For NPs, 
it is generally accepted that their size regime is between 2 and 100 nm,49–51 while NCs are 
considered to be any nanomaterial with an average size < 2 nm.49–51 The size of nanomaterials 
decreases all the way to the single-atom limit,52–54 where the catalyst cannot be made smaller. A 
single-atom catalyst is a system in which individual catalytic atoms are discrete units that are 
separated in space by either a catalytic support or a second inactive metal matrix. This change in 
size causes a change in the surface area of the catalyst, which has an effect on the activity and 
selectivity of chemical reactions happening on the surface. A decrease in particle size from an NP 
to NC regime coincides with an increase in the surface area55 and therefore is economically less 
costly in terms of the amount of metal needed for catalysis. In a review on SACs, Liang et al.56 
compared the difference between using an Au brick versus a brick coated in a layer of Au for some 
arbitrary catalytic reaction. For this arbitrary system, only the metal on the surface matters for the 
reaction. The Au brick has a dimension of 20 x 10 x 5 cm and is made entirely of pure Au. At the 
time of writing, the price of Au was $38.1 per gram, which would make the pure Au brick worth 
~ $736, 000, while the Au coated brick would be worth 21 cents. If only the surface of the material 
matters, that would mean a large portion of that cost is not being used efficiently by the catalyst, 
it is simply in the core of the catalyst. Comparatively, the brick with the same dimensions and a 
layer of Au only on the surface will behave similarly as a catalyst, though the core of the catalyst 
is made from inexpensive inert material. This brick coated in Au is analogous to NC catalysts, 
where similar activity is observed relative to NP catalysts, but the NCs are economically more 
viable compared to the NP system. At the single-atom limit of a nanomaterial, the brick would 
have single atomic sites of Au coating the surface. At the single-atom limit, the surface area is at 
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a maximum as no metal sites are wasted, that is, they are all active sites that can be targeted by the 
substrate in the cycle. This is deemed as an increase in the specific activity per metal atom of the 
catalyst.53,55 
 Not only does catalyst size affect activity, but it can also play a role in the selectivity in 
producing desirable products. The work from Liu et al.42 compares the selectivity of Pd catalysts 
of varying sizes towards the production of 1-hexene from 1-hexyne. 1-Hexene is the partially 
hydrogenated product, where 1-hexyne can also be hydrogenated to its alkane form, 1-hexane. 
Their work compares larger Pd NPs supported on activated carbon (Pd/C) to a single-atom 
bimetallic PdAu single atom alloy supported on silica (Pd-Au-SAA/SiO2), where single Pd atoms 
were deposited on an Au/SiO2 support. Both catalysts were used in the same hydrogenation setup 
using a stainless-steel Parr reactor at 25 oC with 5 bar H2(g) flowing through the reactor. The Pd/C 
catalyst contained 10% by weight Pd, while the Pd-Au-SAA/SiO2 catalyst contained 0.008% Pd 
and 3.8% by weight Au/SiO2, as determined by ICP-AES. Results show that after full conversion 
of 1-hexyne, the selectivity to the alkene, 1-hexene, is 85% and < 10% for the Pd-Au-SAA/SiO2 
and Pd/C catalysts, respectively. These results conclude that introducing isolated Pd atoms onto 
some support surface can greatly enhance the selectivity in catalytic reactions relative to larger NP 
catalysts made of the same metal. It is noted that the Au/SiO2 system is inert without Pd adsorbed 
onto the surface for this reaction.  
Work from Liu et al.42 noted above indicates the usage of Pd in a nanomaterial catalyst. 
The usage of Pd in nanomaterials is a popular area of research in the nanocatalyst field, with a 
detailed discussion on the use of these Pd nanomaterials given below.  
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1.1.2 The Usage of Palladium in Nanomaterial Catalysis 
 An influx of Pd nanomaterial research occurred in the mid-1990s when Pd NPs were used 
by Reetz for Heck carbon-carbon coupling reactions.6 The usage of Pd in nanomaterial catalysis 
since then has been prominent in numerous chemical reactions, either as a monometallic species 
in solution or supported on an inert surface.57–59 Alternatively, Pd can be combined with other 
transition metals to make bimetallic NPs, which can also be used in solution or supported on a 
substrate.14,28,39,42 Bimetallic catalysts are useful as they can promote different electronic and 
geometric effects60–62 compared to monometallic catalysts that greatly enhance the catalytic 
activity of the bimetallic catalyst. An example of an electronic effect is seen in many AuPd 
bimetallic catalysts, where Au withdraws electron density from Pd, increasing the activity of the 
catalyst relative to monometallic Au and Pd counterparts.61,63 An example of a geometric effect 
would be changing Pd-Pd and Pd-Au bond lengths to make a catalyst more effective, or such as 
the work in this thesis, dispersing single atoms of Pd on a metal surface to enhance or manipulate 
the activity of the catalyst.52,60,62  Pd is known to be a highly efficient metal for numerous catalytic 
systems such as oxidation14,26,27,39,64–66 and hydrogenation42–44,46,67,68 reactions, though it can 
become quite expensive if used in large quantities. Numerous types of Pd nanomaterials have been 
used as efficient catalysts, ranging from large NPs to NCs, all the way down to the single-atom 
limit of Pd.  
 A great example of bimetallic Pd NP catalysis was shown by Agarwal et al.39 in the 
selective oxidation of methane gas (CH4) using PdAu colloid catalysts. In this work, an AuPd NP 
catalyst was synthesized and compared to monometallic Pd and Au NP catalysts for the oxidation 
of CH4 in the presence of O2 and hydrogen peroxide (H2O2). The catalytic reaction was carried out 
in a Parr autoclave reactor under high stirring (1500 rpm) and moderate temperatures (50 oC). The 
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desired product of this oxidation was methylhydroperoxide (CH3OOH) and methanol (CH3OH), 
which were deemed “primary oxygenates,” with formic acid (HCOOH) and CO2 as undesired 
products. They found high primary oxygenate selectivities of ~ 90% for the Au-Pd colloid catalyst, 
while the monometallic Pd and Au NPs showed selectivities of 0% for primary oxygenates at 
similar conditions. This is a prime example of modifying the existing Pd NP morphology by 
incorporating a second transition metal into the Pd matrix, promoting electronic effects that 
increase the activity of the bimetallic catalyst relative to the monometallic catalysts.  
 Pd NCs, although less popular than Pd NPs in the literature, have also been shown to be 
effective catalysts. Ueno et al. studied Pd NCs that were encapsulated in an apo-ferritin cavity.69  
This was done by treating apo-ferritin with 500 equivalents of K2PdCl4 and adjusting the pH to 8.5 
using 0.1 M NaOH. Pd was reduced from an oxidation state of +2 to 0 via NaBH4 reduction. Then, 
the Pd apo-ferritin composite (Pd/ferritin) was isolated from solution using size-exclusion 
chromatography. Once isolated, the size of Pd NCs in the ferritin complex was determined to be 
2.0 ± 0.3 nm via TEM analysis. Pd/ferritin was analyzed catalytically in the hydrogenation of 
olefins, and the results were compared to bare Pd NPs without the ferritin complex. Catalytic 
results show that Pd/ferritin was stable throughout the reaction and did not produce side-products, 
whereas other Pd NP systems are not as stable. In addition to the stability of Pd/ferritin, it was 
shown that the TOFs obtained were similar to those achieved with Pd NPs or better in the case of 
certain substrates. Structural changes to the Pd/ferritin complex relative to bare Pd NPs showed an 
enhancement in stability, and in some cases, the activity of the Pd NCs.  
 Single-atom Pd catalysts are a new avenue of catalyst being explored in the nanomaterial 
field, showing higher efficiencies and better performance than typical Pd NP and NC catalysts. 
Multiple examples from the literature will be discussed in great detail below, with a particular 
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interest in bimetallic and supported Pd SACs, as well as other unique SACs that are prominent in 
the literature.  
 
1.2 Synthesis of Single-Atom Catalysts  
 Monometallic SACs can be synthesized and used as quasi-homogeneous catalysts (with 
bimetallic SACs dispersed in liquids) or as heterogeneous catalysts, where metal is deposited on 
some substrate material. Bimetallic SACs can be synthesized in similar ways for both quasi-
homogeneous and heterogeneous systems. As discussed in Section 1.2, heterogeneous catalysis is 
becoming a popular area in single-atom catalysis, with quasi-homogeneous systems discussed far 
less frequently.53,55,56,70–73 In Section 1.2, numerous types of SACs made out of different metal 
precursors are discussed, though Section 1.3 will mainly focus on Pd-based SACs in quasi-
homogeneous and heterogeneous morphologies. Typical strategies towards synthesizing quasi-
homogeneous Pd-based SACs are co-reduction and sequential reduction of a Pd precursor with an 
Au precursor to design bimetallic catalysts.74–77 Heterogeneous Pd-based SACs are often 
synthesized in the very simple metal-deposition approach, where Pd precursors are reduced onto 
the surface of an inert support material made out of g-C3N4, metal oxide (MO), or graphene.
43,46,78–
80 
The work in Chapter 3 and 4 involves the use of bimetallic AuPd SACs that are quasi-
homogeneous and Pd/g-C3N4 SACs that are heterogeneous, for selective catalytic reactions. The 
precise syntheses of these catalysts are given in Chapter 2, though the theory behind each will be 
discussed in the subsequent subsections. 
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1.2.1 Co-reduction Strategies Towards Bimetallic Single-Atom Catalysts  
 A typical method for making bimetallic NP catalysts is the co-reduction method. As the 
name implies, two metal precursors are mixed in some solvent together and reduced at the same 
time by some reducing agent to create a bimetallic material consisting of both reduced metals. If 
the metals are reduced at similar rates, an alloy can be produced. An example of co-reduction being 
used to make bimetallic AuPd NP catalysts is shown by work from our group by Balcha et al.75 In 
this work, AuPd NPs were synthesized with an Au/Pd ratio of 1/3 by mixing HAuCl4·3H2O (Au 
precursor) with K2PdCl4 (Pd precursor) in deionized water. After sufficient mixing, excess sodium 
borohydride (NaBH4) was added to reduce both Au and Pd precursors into an AuNP matrix.  
 Co-reduction of metal precursors to form bimetallic NPs can be applied to SACs as well, 
though very few examples exist in the literature. One approach towards synthesizing bimetallic 
AuPd SACs via co-reduction is performed using a microfluidic mixing apparatus.76 In microfluidic 
mixing, two reagents can be added together at some programmed rate. This can be applied to co-
reduction in the sense that precursor Au and Pd metals dissolved in a solution can be reduced at a 
programmed rate to form AuPd SACs, as shown by the work of Hayashi et al.76 Hayashi and co-
workers took a microfluidic mixing approach to dope single Pd atoms in an Au NP core. To do 
this, HAuCl4 and PdCl2 were mixed in polyvinylpyrrolidone (PVP) and HCl in an ice bath at 273 
K. Another solution containing NaBH4 and PVP was prepared. Both solutions were placed into a 
microfluidic mixer in an ice bath and mixed by injecting both solutions from automatically 
actuated syringes at a rate of 200 mL/h. They showed that the catalyst contained single Pd atoms 
in an Au matrix by numerous characterization techniques such as MALDI mass spectrometry and 
X-Ray Absorption Fine Structure (XAFS). The alloy structure for these AuPd SACs is shown in 
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Figure 1.1, where the Au NPs are populated with single Pd atoms throughout the structure and on 
the surface. 
 
Figure 1.1. A depiction of an AuPd SAC, with isolated Pd atoms in a larger matrix of Au atoms. 
1.2.2 Sequential Reduction Strategies Towards Bimetallic Single-Atom Catalysts 
 Another commonly employed method to develop bimetallic catalysts is through sequential 
reduction. In a sequential reduction approach, one metal is first reduced by some reducing agent 
to create a precursor metal NP solution. To this, the second metal of choice can be mixed in the 
solution and reduced again to form what is generally called core-shell nanoparticles.75,77,81 An 
example of a sequential reduction synthesis was shown by Chen et al.,77 who made a Ni@Pt core-
shell NPs via sequential reduction. First, Ni core NPs were prepared by mixing Ni (II) acetate, 
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NaOH, and oleic acid in 1,2-propanediol. The temperature was then increased to 138 oC, and N2(g) 
was introduced. KBH4 in 1,2-propanediol was slowly added to the reaction under N2(g) to reduce 
the Ni particles. At this point, Ni core NPs were obtained. Small amounts of H2PtCl6 were then 
added dropwise to the Ni NPs in the presence of 1,2-propanediol at 138 oC  to create a shell of Pt 
around the Ni NPs. Therefore, a core of Ni was first synthesized in solution, then a precursor of Pt 
was introduced into the system and reduced onto the Ni to form a shell. This is an example of a 
sequential reduction of metals to form a bimetallic catalyst. 
 A sequential reduction strategy towards synthesizing an AuPd SAC was shown by Liu et 
al.,42 where an Au-Pd single atom alloy (AuPd-SAA) is synthesized. First, Au NPs were 
synthesized by mixing HAuCl4·3H2O with PVP in ethylene glycol (EG) under N2 for one hour. 
NaHCO3 was then introduced, and the solution was heated to 90 
oC at 5 oC min-1 under N2(g) flow. 
The solution was stirred at 90 oC for 30 minutes before cooling to room temperature, which 
produced Au NPs through glycerol reduction at high temperatures. Then, Pd(NO3)2 in EG was 
added to the Au NPs under N2(g) and vigorous stirring. The solution was again heated to 90 
oC at 5 
oC min-1 and stirred for 8 hours under these conditions to reduce Pd onto the Au NPs. This AuPd-
SAA NP catalyst that was synthesized is not a core-shell nanoparticle in the traditional sense. The 
core of the catalyst is indeed made of Au NPs, but the Pd:Au ratio was chosen such that only single 
sites on the Au NP core contain Pd atoms, rather than a continuous shell of Pd. This was supported 
by TEM imaging and IR-adsorption studies using CO.  
 In conclusion, a general sequential reduction approach to synthesize bimetallic NPs or 
SACs will include first reducing some metal species to make the core NP. Then, a second metal 
species can be added to the core and reduced to create a shell or isolated site of that second metal 
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species. A typical core-shell structure for both an AuPd SAC and AuPd core-shell NP is shown in 
Figure 1.2. 
 
Figure 1.2. Core-shell morphology of an AuPd SAC and NP. 
1.2.3 Metal Deposition Approach towards Heterogeneous Single-Atom Catalysts 
 As mentioned in Section 1.2, the synthesis and use of heterogeneous SACs dominate the 
field of single-atom catalysis. This is due to the inexpensive and facile approach towards designing 
these catalysts, as will be shown by a few literature examples. The focus in this section will be on 
monometallic Pd-supported SACs, though it is possible to make bimetallic supported SACs as 
well.18,82–84 Metal deposition is generally performed by mixing a metal precursor in solution with 
the support material and then reducing that metal precursor onto the support. Common support 
materials include g-C3N4, MO, and graphene, with g-C3N4 being the focal point of this section. 
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 Graphitic carbon nitride (g-C3N4) is a common substrate for metal deposition syntheses 
because it provides a large surface area for deposition, is very stable, promotes strong metal 
binding at the N sites, and is simple to synthesize.72,78,85 Chen et al.78 have been able to show that 
Pd, Ag, Ir, Pt, and Au can all be deposited on g-C3N4 to produce heterogeneous SACs. In general, 
this is done by first synthesizing g-C3N4 by calcining dicyandiamide at 823 K under N2 flow for 4 
hours. Then, the metal precursor for any of the five metals mentioned is dispersed in water by 
sonication and mixed with the g-C3N4 support, and often followed by reduction with NaBH4. The 
solid is then collected and washed with a water/ethanol mixture and dried in an oven at 323 K to 
produce M/g-C3N4 (M = Pd, Ag, Ir, Pt, or Au). A similar metal deposition method towards creating 
heterogeneous Pd-based SACs is found in many papers.53,57,73,86 
 Predicting where the reduced metal resides in the g-C3N4 matrix is a little challenging. It 
has been reported by He et al.87 that Pd is doped into five possible sites on the g-C3N4 matrix, as 
shown in Figure 1.3. The five possible sites are the center of the cavity (1), at the corner of the 
cavity (1), on top of the nitrogen ring (3), at the edge of the cavity (4), or on top of g-C3N4 (5).  It 
is noted that the center of the six-fold cavity, indicated by 1 in Figure 1.3, is the most stable site 
for an isolated Pd atom to reside in this matrix.88,89 
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Figure 1.3. A theoretical depiction of where Pd (the numbers in brackets) can be located when 
reduced on g-C3N4, as reported by He et al.
87 Reproduced from reference [86], Copyright (2017), 
with permission from Elsevier. 
 
1.2.4 Other Synthesis Methods Towards Designing Single-Atom Catalysts  
 The most prevalent synthesis methods pertaining to the work in this thesis have been 
discussed in sections 1.2.1, 1.2.2, and 1.2.3. There are, however, numerous ways to synthesize 
SACs, though a majority of the literature discusses heterogeneous SACs rather than quasi-
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homogeneous systems, as reported in these reviews.53,55,71,73 Therefore, other methods to produce 
heterogeneous SACs include co-precipitation, atomic layer deposition (ALD), galvanic 
replacement, high-temperature pyrolysis, and high-temperature atomic migration as reported by 
Li et al.90 and Zhang et al.53 An in-depth discussion on these methods is not pertinent to the work 
in this thesis, though it should be noted that other synthesis methods beyond the scope of this work 
exist in the SAC literature. 
 
1.3 Single-Atom Catalysts (SACs) 
A continual decrease in metal catalyst sizes has been evident over the past decade, moving 
from larger NPs down to the single-atom limit of metals on different support materials.53,55,56,71–
73,91 The benefit of this size reduction down to the atomic scale is an increase in the economic 
efficiency of the catalyst – that is, less metal is being used in the synthesis of these catalysts, and 
thus higher activities and selectivities are being achieved relative to their NP and NC counterparts 
as will be discussed in detail in subsequent subsections. A SAC can come in many forms, though 
all definitions come to the same conclusion – a SAC contains single-sites of some metal supported 
on a surface. The support surface can vary drastically, though the single-site morphology of the 
catalyst does not vary, that is, the metal does not agglomerate and only occupies a single site on 
or in the support matrix. A nice example of this distinction is shown in Figure 1.4 from work by 
Yang et al.55 
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Figure 1.4. Representations of different SAC morphologies with a single-site metal atom 
(yellow) on a) metal oxide, b) metal nanoparticle, and c) graphene support surfaces. Reprinted 
with permission from reference [55]. Copyright (2013) American Chemical Society. 
A challenge in the field of SACs is whether homogeneous or heterogeneous catalysts are 
desirable. Literature results would suggest there is a stark difference between the two 
morphologies, with heterogeneous catalysis becoming increasingly popular.53,55,56,70–73 The heavy 
interest in heterogeneous catalysis directly relates to the stability and recoverability relative to 
homogeneous systems, though homogeneous catalysts often have shown higher activities.53,56,73 
The work in this thesis will compare a bimetallic quasi-homogeneous AuPd SAC to a 
heterogeneous Pd SAC supported on graphitic carbon nitride (Pd/g-C3N4) towards oxidation and 
hydrogenation reactions, though numerous examples in the literature exist using different metals 
to make bimetallic or monometallic SACs for a multitude of catalytic systems92–96 including 
precious metals like Pt,89,97 Au,98 Ir,99 and Rh100 and other metals like Fe101 and Co.102 Specific 
examples from the literature will be discussed in subsequent sections below in greater detail.   
1.3.1 Quasi-Homogeneous Bimetallic AuPd Catalysts 
 The term quasi-homogeneous indicates that the system is not truly homogeneous; that is, 
not all reactants are in the same phase. For bimetallic AuPd NP SACs, the term quasi-
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homogeneous is more appropriate as the synthesis generally involves dissolving some metal 
precursor species in solution in the presence of organic stabilizer and reducing it to create the NP 
catalysts dispersed in solution. While the solution itself appears homogeneous, it has very small 
solid NPs dispersed in it. Therefore, these bimetallic SACs should be called quasi-homogeneous 
catalysts rather than homogeneous catalysts, though this distinction is not always made in the 
literature. A general structure of a quasi-homogeneous AuPd NP SAC is shown in Figure 1.1, 
where isolated Pd atoms reside in a matrix of Au atoms. This is a depiction of the surface of an 
AuPd SAC, where larger amounts of Au will be present in the core with most of the isolated Pd 
atoms on the surface of that Au core. 
 Bimetallic AuPd catalysts have been studied extensively in the nanomaterial catalysis field, 
whether these are bimetallic AuPd NPs,39,82,103 NCs,104–106 or most recently, SACs.42,57,76,107 While 
AuPd is the most popular combination in the literature, PdCu is an alternative bimetallic SAC that 
is studied in dehydrogenation reactions.108,109 The combination of Pd and Au metals has been 
shown to create an alloy, where the catalytic activity is increased relative to the monometallic 
substituents.110–112 An example of this alloy effect can be seen by the work of Mertens et al.112 In 
this work, a monometallic Au NP was doped with Pd to make an AuPd NP and used for the room 
temperature oxidation of benzyl alcohol to benzaldehyde. Monometallic Au and Pd NPs showed 
conversions to benzaldehyde of 35% and 40%, respectively. The Au/Pd ratio in AuPd NPs was 
varied between pure Pd and pure Au, with an 8/2 ratio of Au:Pd showing near 100% conversion 
using the same overall metal loading and conditions. It should be noted that all ratios of Au/Pd 
showed increased conversions relative to their monometallic counterparts, with the lowest 
conversion of ~ 45% seen for the bimetallic system at an Au/Pd ratio of 1/9.  
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Numerous studies on bimetallic AuPd NPs vs monometallic Pd and Au NPs have been 
performed by our group in alcohol oxidation reactions.26,27,74,75 Work by Maclennan et al.27 
evaluated the oxidation of unsaturated alcohols using monometallic Au and Pd NPs and a 
bimetallic PVP-stabilized AuPd system with an Au:Pd ratio of 1:3. PVP-stabilized AuPd NPs were 
synthesized via a sequential reduction approach. First, Au NPs were synthesized by reducing 
HAuCl4·3H2O in a PVP/water mixture at 0 
oC and 1200 rpm stirring using NaBH4. After dialyzing 
the Au NPs overnight, the Au NP solution was mixed with a Pd precursor, K2PdCl4 and ascorbic 
acid and stirred at 800 rpm for 1 hour. The ascorbic acid reduced Pd under these conditions over 
the 1 hour stirring. Pd NPs were synthesized similar to the Au NPs, but K2PdCl4 was used instead 
of HAuCl4·3H2O. TEM images were collected, and particle sizes for Au and Pd NP catalysts of 
2.9 ± 1.4 nm and 2.7 ± 1.0 nm were seen, while the 1:3 AuPd catalysts had average particle sizes 
of 3.9 ± 1.7 nm. These catalysts were then evaluated in the oxidation of five different alcohols in 
water in terms of conversion and selectivity to the aldehyde or ketone that is produced under the 
oxidation conditions. All oxidation reactions were carried out at 60 oC with a substrate:catalyst 
ratio of 500:1. For all five alcohols, Au NPs showed almost no activity. Likewise, the Pd NPs 
showed very little activity for each system, whereas the AuPd catalyst showed greater activity in 
all oxidation reactions relative to its monometallic counterparts. The presented work shows how 
incorporating two metals into a catalyst can increase activity for the oxidation of numerous alcohol 
systems. It has been shown by previous work26,27,74,75 that electron density is withdrawn from Pd 
by Au in these bimetallic NP systems, subsequently showing higher activities in alcohol oxidation 
reactions relative to monometallic NP catalysts. It should be noted that the Pd/Au ratios in previous 
group work were typically quite high. 
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More recent research by other groups has been conducted on AuPd SACs with low Pd 
loadings, in which Pd atoms are isolated and dispersed on an Au nanomaterial surface. Recent 
work by Wrasman et al.14 describes the synthesis of a bimetallic Pd/Au single-atom alloy system 
(Pd/Au SAA) with varying Pd loadings supported on TiO2. While this catalyst is not truly quasi-
homogeneous, it shows the effects of bimetallic catalysts compared to its monometallic 
counterparts. First, Au NCs were synthesized by reducing HAuCl4·3H2O in oleylamine (OLAM) 
and tetralin under stirring at 40 oC.  To make the Pd/Au SAA catalyst, previously made Au NCs 
were dissolved in a mixture of hexanes, OLAM, and oleic acid. To this mixture, a Pd precursor, 
Pd(NO3)2·3H2O was added, followed by heating to 140 
oC. The Pd/Au ratio was controlled by 
adding stoichiometric amounts of Pd(NO3)2·3H2O to 30 mg of dissolved Au NCs. The Pd/Au NCs 
were then supported on TiO2 by mixing TiO2 in hexanes and mixing with the Pd/Au NC solution 
in hexanes to give a weight percentage of 0.5% Pd/Au on TiO2, followed by heating at 700 
oC for 
30 seconds in the air to remove all organic ligands on the catalyst. The activity of these Pd/Au/TiO2 
catalysts with varying Pd loadings was evaluated in the oxidation and hydro-oxidation (hydrogen 
was co-fed into the reaction) of 2-propanol to acetone. This reaction was run from 0 oC to 200 oC 
under both conditions, and the yield to acetone was quantified. Under oxidation conditions 
(without hydrogen), the monometallic Pd/TiO2 catalysts were most active, with activity beginning 
at 75 oC, while the Au/TiO2 catalyst was not active until 125 
oC. The Pd/Au/TiO2 catalysts showed 
activity in between these two temperatures, with higher Pd loadings becoming active at lower 
temperatures. The activity of the catalysts was then evaluated under hydro-oxidation conditions 
using the same temperature range, and large improvement under hydro-oxidation conditions was 
seen by comparing the activity of the catalyst under oxidation and hydro-oxidation conditions at 
75 oC and 125 oC. The results of this work show that the hydro-oxidation of 2-propanol to acetone 
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is improved by the inclusion of single atoms of Pd over an Au surface, whereas monometallic Pd 
catalysts show minimal improvement under these conditions. The authors state that this 
improvement using a bimetallic Pd/Au system is possible due to the ability of isolated Pd atoms 
to split hydrogen while avoiding oxidative dissociation and, therefore, complete combustion 
reactions, which is observed for the pure Pd catalyst.  
It would be pertinent to this discussion to compare AuPd and Au NP systems in oxidation 
reactions to evaluate the effect of doping single Pd atoms onto an Au NP or NC surface. Chapter 
3 will compare bimetallic AuxPd NPs (where x = 4, 3, 2, and 1), Pd NP, and Au NP catalysts in 
the selective oxidation of crotyl alcohol. In particular, X-ray absorption spectroscopy will be used 
to study the effect of doping Pd into an Au matrix in order to understand which AuPd NP systems 
are truly SACs with singly-dispersed Pd atoms on the surface.  
1.3.2 Heterogeneous Supported Pd Catalysts 
 The area of heterogeneous catalysis is increasingly popular, owing to the ability to recover 
the catalyst and work with it in harsher conditions compared to homogeneous catalysts.53,73,86 A 
common metal deposited on different substrates is Pd, owing to its high activity in oxidation and 
hydrogenation reactions. Common substrates that Pd can be deposited on include graphitic carbon 
nitride (g-C3N4),
57,72,78 MOs,43,44,79 and graphene.46,68,80 These three substrates are highly studied 
as they provide large surface areas for Pd to deposit on and are all relatively inexpensive. In some 
particular literature examples, Pd can be combined with other metals and then supported on the 
aforementioned substrates to either enhance the catalytic ability of Pd or reduce the cost of the 
catalyst.71,113,114 Research on supported Pd SACs is incredibly popular as the cost of the catalyst is 
drastically reduced relative to previously mentioned quasi-homogeneous Pd SACs, while 
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performance can be maintained or even improved. Au is an expensive material to support Pd on, 
so researchers have begun using cheap materials like g-C3N4, MOs, and graphene to support Pd 
onto and achieve similar reactivity for some oxidation reactions,40,79,115–117 but most prominently 
in hydrogenation reactions.28,42–44,118  
 An example of these supported Pd SACs in hydrogenation reactions can be seen in the 
work of Huang et al.80 In this work, a g-C3N4 support was first synthesized by thermal treatment 
of urea and solvothermal treatment in a solution of isopropanol and water. A graphene support was 
made from pristine graphene nanosheets by the Hummer method and then reduced at 1050 oC via 
thermal deoxygenation. Pd was then singly dispersed onto either the g-C3N4 (Pd/g-C3N4) or 
graphene (Pd/graphene) support via atomic layer deposition at 150 oC using Pd 
hexafluoroacetylacetate (Pd(hfac)2) and formalin under  N2(g). Catalytic activity was evaluated for 
the hydrogenation of both acetylene and 1,3-butadiene in a fixed-bed quartz reactor for gas-phase 
reactions with varying temperatures. 50 mg of Pd/graphene was used, and the weight of Pd/g-C3N4 
was adjusted in each reaction to keep a comparative amount of Pd relative to the Pd/graphene 
sample. In the hydrogenation of acetylene, the Pd/graphene catalyst showed higher activity than 
Pd/g-C3N4, with 100% acetylene conversion at 60 
oC compared to 80 oC, respectively. The two 
main products of this hydrogenation were ethylene and ethane. Interestingly, Pd/g-C3N4 showed 
higher selectivity to the ethylene product compared to the Pd/graphene catalyst, with 90% and 
78% selectivity to ethylene, respectively. For the hydrogenation of 1,3-butadiene, it was shown 
that Pd/graphene showed higher activity than Pd/g-C3N4 again, with 100% conversion occurring 
at 47 and 75 oC, respectively. The main products of this reaction were butene and butane, though 
three possible butane species could be made: 1-butene, trans-2-butene, and cis-2-butene. Both 
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catalysts showed 100% selectivity to butene at 100% conversion, though the distribution of butene 
products differed.  
 A catalytic study comparing heterogeneous Pd catalysts was performed by Vilé et al.88 In 
this work, a single-site Pd catalyst was synthesized via Pd deposition on a mesoporous graphitic 
carbon nitride support to make Pd/m-C3N4. This catalyst was compared to benchmark catalysts for 
the hydrogenation of 1-hexyne at varying temperatures and reaction times. The benchmark 
catalysts that were purchased and evaluated were Pd-HHDMA/TiS (HHDMA = hexadecyl-2-
hydroxyethyl-dimethylammonium dihydrogen phosphate), Pd-Pb/CaCO3, and Pd/Al2O3. ICP-
OES was used to evaluate the weight percentage of Pd in each catalyst, with results showing that 
the Pd weight percentage was 0.5% for both Pd/m-C3N4 and Pd-HHDMA/TiS, 4.5% for Pd-
Pd/CaCO3, and 1.0% for Pd/Al2O3. Aberration-corrected scanning transmission electron 
microscopy (AC-STEM) was employed to evaluate the surface coverage of Pd on the support 
material, with 100% metal dispersion being reported for Pd/m-C3N4. The benchmark catalysts all 
had metal dispersions below 40%. The catalysts were evaluated in terms of selectivity to 1-hexene. 
At 303 K and 1 bar of H2(g), the reaction rates in terms of TOF (in 10
3 molproduct molPd
-1 h-1) using 
Pd/m-C3N4 was reported to be three orders of magnitude larger than other hydrogenation catalysts 
reported in the literature. When the hydrogenation was performed at 343 K and 5 bar of H2(g), 
similar activities of 1.41 x 103 and 1.38 x 103 molproduct molPd
-1h-1 were achieved for Pd/m-C3N4 
and Pd-HHDMA/TiS, respectively. High selectivities to 1-hexene were also observed for both 
catalysts (90%). Pd-Pb/CaCO3 showed similar selectivity at these conditions (90%), but activity 
was tremendously reduced (0.34 x 103 molproduct molPd
-1h-1) relative to the single-site catalyst. 
Pd/Al2O3 showed lower activity (0.96 x 10
3 molproduct molPd
-1h-1) and selectivity (69%) than the 
single-site catalyst. Though Pd/m-C3N4 and Pd-HHDMA/TiS both perform well, the single-site 
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catalyst has complete metal dispersion on the surface, while the reference catalyst has poor metal 
dispersion (16%) and very large Pd NPs on the surface at approximately 8 nm in size. It should be 
noted that the authors claim a particle size of 0.3 – 0.4 nm is observed for the single-site Pd/m-
C3N4 catalyst and that this matches the van der Waals diameter of a single Pd atom, though it could 
be argued that these are in fact NCs of Pd rather than single-atoms of Pd. The authors indicate that 
the entire surface of Pd/m-C3N4 is in use, while only a small portion of the benchmark catalyst is 
active, with most of the activity being blocked by ligands.  
 Work in Chapter 4 will evaluate the performance of a near single-atom Pd/g-C3N4 catalyst 
in the hydrogenation of an alkyne, 2-methyl-3-butyn-2-ol. These results will be compared to quasi-
homogeneous AuPd catalysts to show how it is possible to reduce the cost of the catalytic material 
yet maintain high activities. The stability of these Pd/g-C3N4 catalysts under the hydrogenation 
conditions will also be evaluated as it is not evident from the literature that these catalysts retain 
their single-atom character post-hydrogenation. 
1.3.3 Other Types of Single-Atom Catalysts  
 As mentioned in Section 1.2, Pd is not the only metal employed in single-atom catalysis, 
with various other catalysts being used throughout the literature, including unique systems like Zn 
zeolites used as a nanoenzyme94 and Fe SACs in Li-based batteries.95 These unique SACs represent 
this new technology being used in biocatalysis (nanoenzymes) and electrocatalysis (batteries and 
fuel cells) fields58,93,95,119 as well as the nanomaterial catalysis field. Perhaps the most common 
metal used in single-atom catalysis other than Pd is Pt,78,97,120,121 with a lot of work coming out of 
the Flytzani-Stephanopoulos group84,86,120–123 on Pt SACs as well as Pd SACs.  
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 An example of a SAC being used for electrocatalytic applications is shown by Sun et al.95 
In this work, a single-atom Fe catalyst, supported on nitrogen-doped carbon (Fe-NxC), is used as 
a lithiophilic site in Li-ion batteries to minimize Li nucleation overpotential and dendrimer growth. 
Electrocatalytic properties were evaluated using a CR2025-type coin cell, designed with Cu foils, 
with FeSA-N-C as the anode (FeSA-N-C@Cu), and Li foil as the cathode. First, the overpotential 
metallic Li plating on the anode was evaluated for bare Cu, C@Cu, and the sample of interest, 
FeSA-N-C@Cu. For the bare and C-coated Cu foils, an overpotential of 62.7 and 18.6 mV was 
determined, while a value of 0.8 mV was determined for the single-atom material. The authors 
attribute this much lower overpotential to the single-atom Fe, as the affinity between Li and the 
carbon-based matrix is improved. At 1 mA/cm2, FeSA-N-C@Cu had a stable coulombic efficiency 
(CE) of 98.8% for 200 cycles, while the other two anode materials showed unstable CE due to 
likely dendrite growth. The authors concluded that CE was significantly enhanced for the single-
atom material due to limiting of dendrite formation, which was characterized via SEM imaging.  
 As mentioned, Pt is another highly popular metal used in SACs, as shown by the work of 
out of Flytzani-Stephanopolous’ group.84,86,120–123 Work by Lucci et al.120 discusses how single-
atom alloy (SAA) catalysts made of Pt and Cu were evaluated for the selective hydrogenation of 
1,3-butadiene to butene. The catalysts evaluated in this reaction were PtxCuy SAA materials 
supported on Al2O3 and a Cu15/Al2O3 control. 1,3-butadiene selectivity and activity as a function 
of temperature were analyzed for the three catalysts, with both SAA materials showing much lower 
hydrogenation onset temperatures of around 40 oC, 35 oC lower than the bare Cu catalyst. 
Comparing different PtxCuy materials, Pt0.2Cu12/Al2O3 shows greater activity and similar 
selectivity to Pt0.1Cu14/Al2O3 due to increased Pt on the surface of the catalyst, though both show 
single-atom Pt. Both of the SAA catalysts showed full hydrogenation conversion (100%) at 
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temperatures below 80 oC, with selectivity to butene at 90%. The bare Cu15/Al2O3 catalyst did not 
show 100% conversion until ~120 oC, with selectivity only reaching ~75 %. They concluded that 
as long as Pt atoms are singly dispersed on a surface, increasing concentration of Pt results in 
higher activities for the selective hydrogenation of 1,3-butadiene to butene, while a non-single 
atom catalyst of bare Cu shows poorer activity and selectivity.  
 Lastly, it is important to point out there is tremendous literature on Pd-based 
organometallic catalysts.124–126 While not termed as “single-atom catalysts”, these species can 
consist of molecular Pd(0) surrounded by organic ligands. Such Pd(0) organometallic catalysts are 
famous for their strong activity for C-C coupling in Heck, Suzuki, and Negishi reactions, and are 
studied thoroughly in the literature. However, such catalysts often possess a stability issue at higher 
reaction temperatures as the organometallic compound begins to decompose and begins to form 
larger Pd particles.127   
 
1.4 Characterization of Single-Atom Catalysts  
 Characterization is one of the most important facets of research with many instruments and 
techniques available to characterize nanoscale materials. The importance of good characterization 
techniques is especially true for SACs, as characterizing individual atoms on top of a support 
surface is not simple. Luckily, numerous techniques exist for the characterization of SACs such as 
electron microscopy (EM), X-ray photoelectron spectroscopy (XPS), infrared spectroscopy (IR), 
and perhaps most importantly synchrotron-based techniques such as X-ray absorption 
spectroscopy (XAS).53,55 Before discussing XAS in detail, it would be pertinent to evaluate a few 
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characterization techniques that are popular in the SAC literature but were not used for the work 
in this thesis.  
Imaging SACs is crucial to the characterization of their structure. In this thesis, 
transmission electron microscopy (TEM) was used to image the catalysts and calculate particle 
sizes, though it could not be used to determine if single-atoms are located on the support surface. 
A more powerful, high-resolution TEM imaging technique could be employed to analyze the 
single-atom nature of a catalyst. The most common EM imaging technique used in the literature 
of SACs is high-angle annular dark-field imaging (HAADF), which is a scanning transmission 
electron microscopy (STEM) technique that allows the user to discern slight differences in atomic 
number in terms of contrast in the image, which is often called Z-contrast imaging53. With this 
technique, the surface of a SAC can be imaged, and slight contrast differences will become 
apparent if the atomic number of the species are different. Numerous groups throughout the SAC 
field have applied this technique to their work.10,57,58,78 For example, Kim et al.58 used Z-contrast 
imaging in their work to identify single-atoms of Pd and Pt on C@C3N4 supports with varying 
metal loadings.  
Another technique commonly used by other groups is probe-molecule IR spectroscopy.128 
IR spectroscopy is a useful tool to analyze vibrational changes within a sample based on its 
functional groups or interaction with other molecules in the IR cell. Small changes in the IR 
spectrum can quantitatively determine what is occurring on the surface of the sample. Probe 
molecule IR is especially useful in characterizing the surface of SACs, as depending on how a gas 
adsorbs to the surface of the catalyst, the surface of that catalyst can be characterized. An excellent 
example of probe IR spectroscopy in SAC characterization was done by Liu et al.42. They 
synthesized a Pd-Au single atom alloy (SAA) and wanted to evaluate the surface of this catalyst. 
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To do this, they used CO-IR spectroscopy, where CO gas was passed through an attenuated total 
reflection (ATR) IR cell (ATR-IR). Pd NPs were synthesized for this analysis as well and 
compared to the PdAu SAA catalyst in the bridged-CO region in the IR spectrum (1935 – 1920 
cm-1). The results of this comparison show a bridged CO peak for the Pd NPs, whereas the PdAu 
SAA sample shows no bridged CO peak, indicating single-site Pd atoms on an Au NP surface. The 
bridged CO peak appears when multiple Pd atoms are within contact of one another, allowing CO 
to bind to multiple Pd atoms.  
The focal point in terms of characterization of the catalysts discussed in this thesis is on 
XAS. The theory and practical use of XAS will be discussed in the following subsections of section 
1.4.  
1.4.1 Synchrotron Radiation 
The first observation of synchrotron radiation dates back to 1947 from work by Elder et 
al.129 Today, numerous synchrotron facilities exist throughout the globe and are used by 
researchers from all science disciplines. Many techniques are available using synchrotron sources, 
ranging from imaging to spectroscopy. The work in this thesis utilizes a spectroscopy technique 
called X-ray absorption spectroscopy (XAS), though the fundamentals of synchrotron radiation 
must be discussed first.  
The fundamental building blocks of a synchrotron will not be discussed in this thesis, 
though it should be noted how synchrotron radiation is produced. In a general synchrotron, 
electrons are accelerated to a speed close to the speed of light by bending magnets and mirrors.130 
As the electron accelerates, it produces radiation, which can be used at an endstation on the 
beamline for different analyses. Synchrotron radiation can be quantified by three figures of merit: 
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flux, brightness, and brilliance.130 Broadly, flux is the number of photons per second that are 
delivered to the endstation, brightness is the flux per solid angle, and brilliance is the brightness 
per source area. These figures of merit are used to compare synchrotron sources around the world, 
though the most ideal of sources will have high flux and small spot sizes in order to increase the 
brilliance of the source.  
1.4.2 Synchrotron X-ray Absorption Spectroscopy  
 XAS is an element-specific technique that can be used to determine information on the 
local atomic structure of a metal centre.131 XAS is based on the phenomenon called the 
photoelectric effect, where a core electron absorbs incoming X-rays at specific energies and is 
emitted depending on a parameter called the binding energy (BE) of the core electron. If the 
binding energy is less than the incoming X-ray energy, the core electron can be ejected from the 
core, resulting in the relaxation of an outer shell electron into the vacated core hole. As this outer 
shell electron relaxes, a photoelectron is emitted into the continuum and can be measured by a 
detector. However, if the binding energy is greater than the incoming X-ray energy, the core 
electron cannot be ejected as the incoming X-ray will not be absorbed. Beer’s Law is shown in 
Equation 1.1 and is pertinent to the discussion on XAS, as the absorption coefficient, µ, determines 
the probability that an X-ray will be absorbed by the core electron: 
𝐼 = 𝐼0𝑒
−𝜇𝑡 (1.1) 
where I0 is the incident X-ray energy, t is sample thickness, and I is the intensity of the x-rays 
transmitted through the sample. The absorption coefficient is proportional to the sample density ρ, 
the atomic number Z, the atomic mass A, and the energy of the X-ray E, as shown in Equation 
1.2:131 
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𝜇 ≈
𝜌𝑍4
𝐴𝐸3
(1.2) 
The fact that µ is proportional to Z means specific metals can be analyzed at varying X-ray 
energies. An XAS graph is simply the absorption coefficient versus photon energy (µ vs. E), and 
an example of a Pd K-edge is shown in Figure 1.5.  
Figure 1.5. An XAS spectrum showing the XANES and EXAFS regions at the Pd K-
edge.  
The XAS graph is split into two regions: X-ray Absorption Near-Edge Structure (XANES) 
and Extended X-ray Absorption Fine Structure (EXAFS). Both regions contain useful information 
about a metal sample and will be discussed in further detail in sections 1.4.2.1 and 1.4.2.2. XANES 
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is considered to be ~50 eV before and after the absorption edge, while EXAFS is the feature after 
~ 50 eV past the absorption edge. Where the absorption edge occurs depends on the element being 
analyzed. An absorption edge is quantified by the letters K, L, M, N, etc. The K-edge, for example, 
is the transition of a core electron from the 1s orbital (n = 1). The L-edge would, therefore, be the 
transition of a core electron from an n = 2 orbital (2s or 2p). The L-edge is slightly more 
complicated in the sense that n = 2 can relate to a 2s, 2p1/2, and 2p3/2 initial state, meaning L-edges 
are really denoted as LI, LII, and LIII, respectively. Where these absorption edges occur depends on 
the desired element. For example, the Au LIII-edge occurs at 11919 eV, while the Pd LIII-edge 
occurs at 3173 eV. These values differ according to Equation 1.2, where µ is proportional to Z4. 
Once an XAS spectrum is obtained, it can be analyzed in terms of the XANES region and EXAFS 
region to determine the structural properties of the analyzed element. The specifics of these 
analyses will be given in detail below.  
1.4.2.1 X-ray Absorption Near-Edge Structure 
 As mentioned in section 1.4.2, XANES is the region that is ~ 50 eV below and beyond the 
absorption edge. Analysis of XANES can give information on the oxidation state, coordination 
environment, band structures, and charge states of metal atoms in a sample.131–133 This information 
garnered by XANES analysis is possible through comparison with known standards that are related 
to the element of interest. For example, the XANES region of Pd foil relative to an unknown Pd 
sample can be compared to discern differences in the oxidation state of Pd. Pd foil would have 
metallic Pd with an oxidation state of 0. If the sample is shifted to higher energies in the XANES 
region, this would indicate a higher oxidation state of Pd in the unknown sample. As discussed 
previously, the BE of an electron determines whether it will be ejected or not from the core orbital. 
If electrons are removed, the oxidation state is increased, and it becomes harder to eject a core 
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electron as the BE is increased. That is, more energy is required to eject the core electron, so a 
shift towards higher energy is typically seen with higher oxidation states. XANES is a useful 
qualitative tool in XAS, though more quantitative information such as coordination numbers (CNs) 
are desirable and can be modelled through an analysis of the EXAFS region.  
1.4.2.2 Extended X-ray Absorption Fine Structure  
 The EXAFS region can provide information on the local atomic structure of a metal center. 
In the EXAFS region, a photoelectron has escaped the absorbing atom. This escaped photoelectron 
will then scatter off neighbouring atoms in the system, attenuating the absorption spectra that are 
produced. Essentially, EXAFS analysis allows one to discuss the radial distribution of atoms 
around an absorbing metal center through the fitting of a structural model to experimental EXAFS 
data.132 In order to properly fit experimental EXAFS data, a good model must be constructed and 
fit to the data. When creating a model, good estimations on the coordination environment around 
the metal center and relative bond lengths must be used. Once a model is created, the experimental 
spectra can then be fit in terms of both k- and R-space. Figures 1.6A and B depict a general k-
space and R-space spectrum for a Pd foil, respectively.  
Figure 1.6 A) k-space and B) R-space at the Pd K-edge for Pd foil. 
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The k-space of a spectrum is the wavenumber of the photoelectron and is represented in Equation 
1.3: 
𝑘 = √
2𝑚(𝐸 − 𝐸0)
ħ𝟐
(1.3) 
where m is the mass of the electron, E and E0 are the measured absorption energy and absorption 
edge, respectively, and ħ2 is Planck’s constant.131 Generally, higher energy k-space data is 
enhanced by multiplying k by a power of k (k2 and k3 are common). This is done to enhance higher 
energy features that are generally quite important but have a weak signal in the non-weighted k-
space spectrum.132,133 R-space is simply a Fourier transform of k-space, though the details of a 
Fourier transform are not important to this discussion. In R-space, radial distributions of atoms 
around a metal center can be quantified by fitting the spectra with a model.  
 Once the experimental spectrum has been fit in k- and R-space, the CN, bond length (R), 
and the thermal disorder parameters (σ2) and edge shift (Eo) can be quantified with errors. This 
information can give quantitative information on the local environment around the targeted metal 
center. An example of building a model and fitting k- and R-space data with it to pull out 
quantitative information about an unknown is shown by Balcha et al.75 In this work, AuPd 
bimetallic NPs with different Au/Pd ratios were compared to monometallic Au and Pd NPs at the 
Pd K-edge and Au LIII-edge. Initially, k-space data from both edges were analyzed for the 
bimetallic samples at Au/Pd ratios of 1/3 and 1/1. High-quality fits were obtained, and EXAFS 
parameters such as CN and bond distances (R) were determined. Essentially, pure monometallic 
bulk Pd should have a Pd-Pd CN of around 12, while the introduction of Au into the system would 
decrease the Pd-Pd CN as Pd now as Au neighbours as well. EXAFS can be used to approximate 
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NP sizes using CN information, as shown by previous work in our group.134 Work by Balcha and 
co-workers showed this, where pure Pd NPs had a Pd-Pd CN of 9.9 ± 0.5, and the bimetallic AuPd 
NPs showed Pd-Pd CNs of 8.3 ± 0.7 and 6.2 ± 1.1 for 1/3 and 1/1 Au/Pd NPs, respectively. Au-
Au CNs were also obtained from analysis on the Au LIII-edge. Larger Au-Au CNs were seen for 
both bimetallic species, which showed that the Au must predominantly be in the core of NP, while 
Pd creates a shell on top. Similar ideas can be directly applied to the area of SACs, as many groups 
in the recent literature are starting to use EXAFS modelling as a way of determining whether 
metals are atomically dispersed on support surfaces.53,58,67,92,93,121,135  
 An example of using EXAFS fitting to determine the structural features of a catalyst is 
shown by Zhou et al.92 In their work, Fe, Co, Ni, and Cu SACs supported on nitrogen-doped carbon 
were characterized by XAS at the K-edge for each metal. Through EXAFS fitting, it was 
determined that all of the catalysts contained single-atoms of each metal in an N-doped C matrix, 
with CNs for M-C (with M = Fe, Co, Ni, and Cu) of 1.0 or lower. The absence of an M-M CN 
suggests a single-atom structure. M-N CNs of around 3 were observed for each metal as well, 
indicating that the metal atoms are predominantly coordinated to N atoms in these catalysts.  
 
1.5 Thesis Objectives 
 The field of single-atom catalysis is becoming more prominent as metal loadings in 
catalysts can be decreased without sacrificing catalytic activity or selectivity, improving the cost 
economy of the catalyst.52,53,55,56,70,73,96,113,122,136 A plethora of work has gone into evaluating the 
catalytic ability of SACs, though the structure and stability of these catalysts are generally 
examined in detail. The main objective of this work is to evaluate the structure and stability of 
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bimetallic and monometallic quasi-homogeneous and heterogeneous SACs using XAS. In Chapter 
2, different synthesis strategies are evaluated to produce quasi-homogeneous and heterogeneous 
Pd-based bimetallic and monometallic catalysts. It is paramount that these catalysts are thoroughly 
characterized using numerous techniques such as TEM, XPS, and XAS, with all the 
characterization work outlined in Chapters 3 and 4 for quasi-homogeneous AuPd, and 
heterogeneous Pd catalysts, respectively.  An objective of this work is to evaluate the activity of 
bimetallic AuPd catalysts in the oxidation of crotyl alcohol, and whether the activity can be 
increased using SACs rather than non-SAC-bimetallic NPs and monometallic catalysts. Co- and 
sequential-reduction strategies towards designing AuPd catalysts will also be evaluated as to which 
reduction strategy is preferable for synthesizing single-atom structures. This work is outlined in 
Chapter 3. Another objective of this work is to evaluate the stability and activity of a heterogeneous 
Pd SAC in the hydrogenation of 2-methyl-3-butyn-2-ol relative to monometallic and bimetallic Pd 
catalysts. It is not evident from the literature if the single-atom structure of Pd-based heterogeneous 
catalysts is stable under hydrogenation conditions, i.e. does Pd remain in a single-atom state on 
the support surface during and after catalysis. XAS techniques will be used to evaluate 
heterogeneous Pd SACs before and after a hydrogenation reaction. This work is outlined in 
Chapter 4.  
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Chapter 2: Experimental Methods  
2.1 Materials 
Potassium tetrachloropalladate(II) (K2PdCl4, 98%, Sigma-Aldrich), gold(III) chloride 
trihydrate (HAuCl4·3H2O, ≥99.9% trace metal basis, Sigma-Aldrich), polyvinylpyrrolidone (PVP, 
M.W. 58,000, Alfa Aesar), sodium borohydride (NaBH4, 98%, Sigma-Aldrich), L-Ascorbic acid 
(C6H8O6, reagent grade, crystalline, Sigma-Aldrich), aluminum oxide (Al2O3, pore size 58 Å, ~150 
mesh, Sigma-Aldrich), dicyandiamide (C2H4N4, 99%, Alfa Aesar), crotyl alcohol 
(CH3CH=CHCH2OH, mixture of cis and trans, Sigma-Aldrich), 2-methyl-3-butyn-2-ol (MBY, 
HC≡CC(CH3)2OH, 98%, Sigma-Aldrich), vinyl acetate (VA, C4H6O2, stabilized for synthesis, 
Sigma-Aldrich), Acetone (Certified ACS, ≥99.5%, Fisher), methanol (CH3OH, Certified ACS, 
≥99.8%, Fisher), ethanol (CH3CH2OH, Reagent grade, Sigma-Aldrich), and ethyl acetate 
(CH3COOC2H5, ACS reagent, ≥99.5%, Sigma-Aldrich) were used as received. Milli-Q (Millipore, 
Bedford, MA) deionized water (18 MΩ cm) was used throughout. 
2.2 Synthesis of AuxPd Catalysts 
2.2.1 Co-reduction Synthesis of Single-Atom AuxPd Catalysts 
Co-reduced single-atom AuxPd (x = 4, 3, 2, and 1) nanoparticles (NPs) were synthesized 
by modifying procedures from Tsunoyama et al.137 and Balcha et al.75 1.0 g PVP (MW ~58,000) 
was dissolved in 5.8 mL H2O in a 100-mL round-bottom flask (flask A) at room temperature (22 
oC). The solution was then placed in an ice-bath and cooled to 0 oC. To this cooled solution, 6.2 
mL K2PdCl4 (30 mM, 6.0 x 10
-5 mol Pd) and 1, 2, 3, or 4 equiv. of HAuCl4·3H2O (9.0 x 10
-5 mol 
Au to 3.6 x 10-4 mol Au) was added depending on the desired ratio of Pd/Au. In a separate 100-
mL round-bottom flask (flask B), 1.0 g PVP (MW ~58,000) was dissolved in 6.0 mL H2O and 
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cooled to 0 oC in an ice bath. Flask A was stirred at 800 rpm, while flask B was stirred at 1400 
rpm, with both flasks in an ice bath. After 20 minutes of stirring, 2.0 mL of ice-cold NaBH4 (5 
equiv. to the amount of Au) was added to flask B, and both flasks left to stir for another 10 minutes. 
The stirring speed of flask A was increased to 1600 rpm, and flask B (containing the reducing 
agent) was added to flask A as quickly as possible. The solution in Flask A changed from a yellow-
brown solution to a dark brown-black solution immediately after the solutions were mixed. This 
dark solution was then stirred for 30 minutes in an ice bath, followed by stirring at 30 minutes at 
room temperature (22 oC). Once the stirring was completed, the catalyst solution was placed in 
cellulose dialysis membranes with a molecular weight cutoff of 12,000 g/mol and dialyzed for 24 
hours in 500 mL of deionized water without stirring. A final [Pd] = 3.0 mM was achieved, with 
the [Au] = 3.0 mM, 6.0 mM, 9.0 mM, and 12 mM depending on the Pd/Au ratio. It must be noted 
that a minute dilution occurred during dialysis, though the concentration of Pd is considered to be 
3 mM throughout this work. 
2.2.2 Sequential Reduction Synthesis of Core-Shell AuxPd Catalysts 
Sequentially reduced core-shell AuxPd (x = 4, 3, 2, and 1) NPs were synthesized with slight 
modifications of literature protocols.27 First, an Au NP seed solution was synthesized ([Au] = 18.2 
mM), and then K2PdCl4 was reduced using ascorbic acid in the Au NP solution to give sequentially 
reduced AuxPd. 
Au NPs were synthesized as follows: 2.0 g PVP (MW ~58,000) was dissolved in a mixture 
of water/methanol (15 mL/16 mL) in a 100-mL round bottom flask (flask C). Flask C was placed 
in an ice bath and cooled to 0 oC before the addition of 473 mg HAuCl4·3H2O (6.0 x 10
-4 mol Au). 
In another 100-mL round bottom flask (flask D), 1.0 g PVP (MW ~58,000) was dissolved in a 
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water/methanol mixture (3 mL/3 mL). Flask D was placed in an ice bath and cooled to 0 oC. For 
20 minutes, flask C was stirred at 800 rpm, and flask D at 1400 rpm. After 20 minutes, 2.0 mL of 
ice-cold NaBH4 (159 mg, 7 equiv. to Au) was added to flask D and stirred for a further 10 minutes 
at 1400 rpm. The stirring speed of flask C was increased to 1600 rpm, and the solution in flask D 
was added to flask C as quickly as possible. The solution changed from a yellow solution to a dark 
red solution upon NaBH4 addition. This solution was left to stir in an ice bath for 30 minutes, 
following by stirring at room temperature (22 oC) for 30 minutes. The dark red solution of Au NPs 
was then dialyzed as detailed in section 2.2.1. After dialysis, the Au NP solution was concentrated 
by removing methanol to give an aqueous solution with a final [Au] of 18.2 mM. The methanol 
was removed by stirring the post-dialysis solution at 1200 rpm and heating it in a water bath to 40 
oC under high vacuum conditions. 
Sequentially reduced AuxPd core-shell NPs were synthesized by mixing 1.0 g PVP (MW 
~58,000) with 9.0 x 10-5 mol Pd (K2PdCl4) and 18.2 mM Au NPs so that the Au ratio to Pd was 
1:1, 2:1, 3:1, or 4:1 (9.0 x 10-5 mol Au to 3.6 x 10-4 mol Au). This mixture was stirred at 800 rpm 
and cooled in an ice bath to 0 oC for 5 minutes before increasing the stir rate to 1600 rpm and 
adding 10 equiv. of ascorbic acid (equiv. with respect to the moles of Pd, 159 mg, 9.0 x 10-4 mol 
ascorbic acid) to reduce the Pd. The solution colour slowly changed from dark red to black after 
stirring the solution in ice at 1400 rpm for 1 hour. After all reactants were added, the final volume 
of the solution was adjusted to be 30.0 mL. The solution was dialyzed overnight, as detailed in 
section 2.2.1. The final solution had a [Pd] = 3.0 mM, with the [Au] = 3.0 mM, 6.0 mM, 9.0 mM, 
and 12 mM depending on the Pd/Au ratio. 
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2.3 Metal Deposition Method Towards Synthesizing a Pd/g-C3N4 Single-Atom Catalyst  
Pd/g-C3N4 was synthesized following the work of Chen et al.
78 A graphitic carbon nitride (g-
C3N4) support was first synthesized by loading 4.3 g dicyandiamide powder into two combustion 
boats and calcining the powder at 600 oC for 4 hours under minimal N2(g) flow (~ 10 mL/min) in a 
Thermo Scientific Lindberg TF55035A-1 furnace. The resulting yellow powder was collected 
from the combustion boats and transferred to a round-bottom flask for washing. The powder was 
washed with a water/ethanol mixture and collected using filter filtration with a final yield of 2.3 g. 
Once the g-C3N4 precursor powder was dry, Pd was deposited in the following manner. 200 mg of 
g-C3N4 was mixed with 30 mL H2O in a 250 mL round-bottom flask. To this mixture, K2PdCl4 
was added such that the weight percentage of Pd was 0.1%, 0.5%, or 2.0% (wt. % based off of 
200. mg g-C3N4). The resulting Pd/g-C3N4 material was then stirred for 24 hours and either reduced 
with NaBH4 (25 equiv. to Pd) or collected as-synthesized without the addition of NaBH4. The 
reduced or non-reduced Pd/g-C3N4 catalyst was washed twice with copious amounts of a 
water/ethanol mixture and collected via filter filtration. The powder was then dried in a benchtop 
oven at 50 oC overnight. 
2.4 Catalytic Oxidation of Crotyl Alcohol 
The oxidation of crotyl alcohol was performed following previous literature protocols in 
Maclennan et al.26 Co- and sequentially reduced AuxPd samples, with [Pd] = 3.0 mM and varying 
[Au] depending on the Pd/Au ratio, were studied in this catalytic oxidation reaction. To a 50 mL 
3-neck round-bottom flask, 5.0 mL of the catalyst solution was added. A condenser was then 
attached to the middle neck of the flask and the other two necks covered with septa. A needle was 
connected to one end of the flask and the tip placed into the catalyst solution in order to sparge the 
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solution with O2(g) during the reaction. The system was purged with O2(g) for 20 minutes before 
adding 250 equiv. of crotyl alcohol (0.32 mL, for a substrate:Pd ratio of 250:1) via a syringe needle. 
The reaction was then stirred at 1400 rpm for 3 hours at 22 oC. After the 3 hour reaction, 2.0 mL 
of the reaction mixture was collected in a vial and transferred to 2.0 mL of ethyl acetate. This was 
done by mixing the reaction mixture with ethyl acetate (1.0 mL per extraction) by shaking it 
vigorously in a vial, and then the contents were transferred to two 2.0 mL centrifugation tubes and 
centrifuged at 6000 rpm for 10 seconds. The top layer of the neat extract was collected for analysis, 
while the bottom water/catalyst layer was discarded. Conversion, selectivity, and turnover 
numbers for the reaction were obtained from gas chromatography (GC) using an FID detector 
(Agilent technologies 7890A) and an HP-Innowax capillary column. The ethyl acetate extract was 
used for GC-FID analysis. Two reactions were run for each AuxPd sample with three injections 
per reaction. 
The oxidation of crotyl alcohol was also performed in the absence of O2(g), using vinyl acetate 
as a sacrificial alkane.59 For this reaction, 5.0 mL of the AuxPd catalyst solution was delivered into 
a 100 mL round-bottom flask. 0.35 mL of vinyl acetate was then added, and the mixture stirred at 
1400 rpm. After 2 minutes of stirring, 0.32 mL of crotyl alcohol was added (1:1 vinyl acetate:crotyl 
alcohol ratio), and the reaction was continued for 3 hours before GC-FID analysis. Product 
extraction was performed in the same way previously mentioned. 
GC-FID calibration curves were run for this reaction using the starting substrate crotyl 
alcohol, and the three main products crotonaldehyde, 1-butanol, and 3-buten-1-ol. Six different 
concentrations were run for each reactant, with three injections performed at each concentration. 
Linear calibration curves were obtained for all species with R2 values of ~ 0.99 for all systems.  
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2.5 Catalytic Hydrogenation of 2-methyl-3-butyn-2-ol  
The catalytic hydrogenation of 2-methyl-3-butyn-2-ol (MBY) was performed in a similar 
manner to the oxidation of crotyl alcohol. Both co- and sequentially reduced AuxPd, and Pd/g-
C3N4 catalysts were evaluated in this hydrogenation reaction. Either 5 mL of the AuxPd solution 
([Pd] = 3.0 mM) or 10 mg of Pd/g-C3N4 and 5 mL H2O was added into a 500 mL round-bottom 
flask. The flask was connected to a differential pressure manometer (Extech 407910: Heavy Duty 
Differential Pressure Manometer, 29 psi) to evaluate the change in pressure as the reaction 
progressed. The solution was purged under H2(g) for 20 minutes, followed by closing off the system 
under an H2 atmosphere. For the co- or sequentially reduced AuxPd NP catalysts, 250 equiv. MBY 
was added via a syringe (0.36 mL, substrate:Pd ratio =250:1). For the heterogeneous Pd/g-C3N4 
powder, 0.10 mmol of MBY was used (0.10 mL, Pd:substrate ratio varied depending on weight 
percentage of Pd on g-C3N4). The reaction was run for 30 minutes, 1 hour, 1.5 hours, and 24 hours 
at 22 oC, while stirring at 1600 rpm. The product was extracted via the ethyl acetate by the same 
procedure used in Section 2.4. Conversion, selectivity, and turnover numbers were obtained by 
GC-FID using the same column previously mentioned. Reactions were run in duplicate with three 
injections per reaction. Calibration curves were run for this reaction using the starting substrate 
MBY, and the two products 2-methyl-3-buten-2-ol, and 2-methyl-2-butanol. Six different 
concentrations were run for each reactant, with three injections performed at each concentration. 
Calibration curves were linear, with R2 values of ~ 0.99 in each case.  
2.6 Characterization  
UV–Vis spectra were obtained using a Varian Cary 50 Bio UV–Visible spectrophotometer 
with a scan range of 200 – 1000 nm and an optical path length of 1.0 cm. Transmission electron 
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micrographs (TEM) were taken with an HT7700 TEM operating at 100 kV. TEM grids were 
prepared by placing a few drops of catalyst in Milli-Q deionized water onto a lacey carbon TEM 
grid (Electron Microscopy Sciences). Particle sizes were calculated using the software ImageJ.138 
All X-ray Photoelectron Spectroscopy (XPS) measurements were collected using a Kratos 
(Manchester, UK) AXIS Supra system at the Saskatchewan Structural Sciences Centre (SSSC). 
This system is equipped with a 500 mm Rowland circle monochromated Al K-α (1486.6 eV) 
source and combined hemispherical analyzer (HSA) and spherical mirror analyzer (SMA). A spot 
size of hybrid slot (300x700) microns was used. All survey scan spectra were collected in the -5-
1200 eV binding energy range in 1 eV steps with a pass energy of 160 eV. High-resolution scans 
of 2 regions were also conducted using 0.05 eV steps with a pass energy of 20 eV.  An accelerating 
voltage of 15 keV and an emission current of 10 mA was used for the analysis. The XPS spectra 
were analyzed using the CasaXPS software program139. Powder X-ray diffraction measurements 
on g-C3N4 were collected using an Apex2 Kappa CCD diffractometer (40 kV, Brüker AXS) at the 
SSSC. A 2θ range of 5 – 90° with a step size of 0.02° was evaluated in continuous scanning mode.  
The Hard X-ray Microanalysis beamline (HXMA) 061D-1 (energy range, 5 – 30 keV; 
resolution, 1 x 10-4  ΔE/E) and Biological X-ray Absorption Spectroscopy beamline (BioXAS) 
07ID-2M (energy range, 5 – 32 keV; resolution, 5 x 10-5 ΔE/E) at the Canadian Light Source (CLS) 
were used for collecting X-ray absorption spectra (XANES and EXAFS) at the Pd K-edge and Au 
LIII-edge. The energy scan range for measurements on both beamlines was between -200 eV to 
+800 eV at each edge. Pd and Au foils were used for references at the Pd K-edge and Au LIII-edge, 
respectively. All measurements were conducted in both transmission and fluorescence modes at 
room temperature (22 oC), with AuxPd samples loaded onto alumina at 2.0% by weight Pd (Au 
weight percentage varied with Pd/Au ratio) using an acetone precipitation method140, and Pd/g-
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C3N4 analyzed as-synthesized (with varying Pd weight percentages). These solid powders were 
placed into a Teflon sample holder and sealed with Kapton tape. XANES and EXAFS data analysis 
was performed using the software package IFEFFIT.141 fcc bulk lattice parameters (i.e., first shell 
coordination numbers of 12) were used to fit the Pd and Au reference foil data and determine the 
amplitude reduction factor (So
2) for both foils. For the Au foil, So
2 was determined to be 0.90 and 
0.88 on BioXAS and HXMA beamlines, respectively. For the Pd foil, So
2 was determined to be 
0.82 on both BioXAS and HXMA. These So
2 values were fixed and used to determine the EXAFS 
parameters for all samples. The Soft X-ray Microcharacterization Beamline (SXRMB) 06B1-1 
(energy range, 1.7 – 10 keV; resolution, 1.0 x 104 ΔE/E) at the CLS was used for collecting 
XANES spectra at the Pd LIII-edge. SXRMB samples were prepared in two ways. Solid samples 
were loaded onto double-sided tape, and fluorescence data was collected under a helium 
atmosphere. Liquid samples were analyzed by loading solution into SPEX CertiPrep Disposable 
XRF X-Cell sample cups and covering the cup with a 4 µm ultralene window film. Data was 
collected in fluorescence mode. 
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Chapter 3: Selective Oxidation of Crotyl Alcohol by Quasi-Homogeneous 
AuxPd Bimetallic Single-Atom Catalysts  
3.1 Introduction 
Alcohol oxidation reactions are important to organic synthesis and are used for a number 
of industrial applications.26,27,117 Crotyl alcohol oxidation reactions have been studied by both our 
group and others to evaluate the activity and selectivity of metal catalysts in the production of 
crotonaldehyde using AuPd bimetallic nanoparticle (NP) catalysts.26,27,65,74,75,112 These previous 
catalytic systems used by our group differ from the work in this chapter in terms of Au:Pd loadings 
and the dispersion of Pd within the Au NP matrix (i.e., single-atom Pd in an Au NP matrix). 
Scheme 3.1 depicts the three major products that can be formed during this reaction. 
Crotonaldehyde is the oxidation product of interest, while the other two are side-products, formed 
by Pd-H species on the surface of Pd catalysts.26,27,74,75 These side-products can theoretically be 
minimized by sparging the reaction mixture with O2(g) at moderate flow rates. Scheme 3.2 shows 
how O2(g) can be used to clean the catalyst surface, to rid it of Pd-H species, and therefore reducing 
side-product formation. To evaluate this system, we synthesized two morphologies of putative 
single-atom bimetallic AuxPd catalysts using different reduction strategies, co- and sequential 
reduction, where the ratio of Au to Pd was manipulated from 4:1 to 1:1 Au:Pd. 
Scheme 3.1. The three main products observed in the oxidation of crotyl alcohol. 
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Scheme 3.2. The oxidation mechanism of crotyl alcohol to crotonaldehyde suggested by 
literature.26,75 Adapted from Maclennan et al. [26]. 
3.2 Synthesis and Characterization of Co- and Seq-reduced AuxPd Catalysts  
The concentration of Pd was kept constant for the crotyl alcohol oxidation reactions at 3.0 
mM. This value was chosen with the idea of evaluating these catalysts with XAS measurements at 
the CLS. In order to obtain high-quality data that exhibits a deep k-space, a higher concentration 
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of metals needed to be used. Therefore, the concentration of Pd was 3.0 mM, while the [Au] 
increased from 3.0 mM to 12 mM, depending on the Au:Pd ratio. Since a high metal concentration 
was used, the size of these catalysts was monitored by TEM to ensure that particle agglomeration 
and growth did not occur, while retaining relatively monodisperse particle sizes. Both co-reduction 
and sequential reduction strategies were used to obtain AuxPd catalysts. The co-reduced AuxPd 
catalysts were made by reducing an Au and Pd precursor in the presence of a stabilizer, while seq-
reduced AuxPd catalysts were made by first reducing an Au precursor to give Au NPs, then 
reducing a Pd precursor into the Au NP matrix. Figure 3.1 shows TEM images for each ratio of 
co- and seq-AuxPd catalysts. A complete table of average particle sizes and standard deviations 
are listed in Table 3.1 based on measurements using ImageJ software.138 For the co-AuxPd 
catalysts, particle sizes vary between 3.0 and 3.5 nm. For the seq-AuxPd catalysts, particle sizes 
vary between 3.6 and 4.9 nm. The particle sizes of each catalyst for both reduction methods are all 
within similar ranges, which would suggest that particle growth or agglomeration is not occurring, 
meaning these catalysts are stable under the reduction conditions during their synthesis. A smaller 
NP catalyst also ensures that the surface of the catalyst can be better studied using XAS, as a larger 
fraction of atoms is on the surface of the NPs.  
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Figure 3.1. TEM images of a) co-Au4Pd, b) co-Au3Pd, c) co-Au2Pd, d) co-AuPd, e) seq-
Au4Pd, f) seq-Au3Pd, g) seq-Au2Pd, and h) seq-AuPd catalysts. 
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Table 3.1. Average TEM particle sizes. 
Catalyst Particle size (nm) 
co-Au4Pd 3.1 ± 0.9 
co-Au3Pd 3.0 ± 1.1 
co-Au2Pd 3.6 ± 1.0 
co-AuPd 3.5 ± 1.3 
seq-Au4Pd 3.6 ± 0.9 
seq-Au3Pd 3.7 ± 0.8 
seq-Au2Pd 4.0 ± 1.0 
seq-AuPd 4.9 ± 1.3 
Au NPs 3.6 ± 1.1 
 
From Table 3.1, the average particle size for the Au NP seed solution is 3.6 ± 1.1 nm. As 
Pd is added into the system, the seq-AuxPd particle sizes increase as the ratio of Au:Pd is decreased 
towards unity (i.e., 1:1). Expected particle sizes can be calculated for the seq-AuxPd catalysts using 
Equation 3.1:63 
𝐷 = 𝐷𝑐𝑜𝑟𝑒 (1 +
𝑉𝑃𝑑[𝑃𝑑]
𝑉𝐴𝑢[𝐴𝑢]
)
1
3
3.1 
Where Dcore is the particle size of the Au NPs, VPd is the molar volume of Pd, [Pd] is the 
concentration of Pd, VAu is the molar volume of Au, and [Au] is the concentration of Au. For the 
seq-AuxPd catalysts, particle sizes of 3.8, 3.9, 4.1, and 4.4 nm were predicted for Au:Pd ratios of 
4:1, 3:1, 2:1, and 1:1, respectively. These values correspond well with the measured particle sizes 
in Table 4.1. 
To prove that no secondary nucleation of Pd is occurring in the sequentially reduced 
system, a histogram of particle sizes is shown in Figure 3.2. Histograms were generated by plotting 
the raw count of binned particle sizes for each sequentially-reduced catalyst and Au NP, and then 
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fitting normal distribution curves to the raw data. For each sample, 70 particles were analyzed in 
a TEM image and their sizes measured using Image J software. The highest count of particle sizes 
occurs between 3 – 5 nm for each system, including the Au NPs. As Pd is introduced into the 
system (i.e., seq-AuxPd), smaller particle sizes are not observed. This would indicate that a 
secondary nucleation event of new Pd NPs is not occurring, meaning the system is bimetallic, 
though the catalysts are characterized further below to show they are bimetallic. 
Figure 3.2. Distribution of particle sizes measured for Au NPs and all seq-AuxPd catalyst. 
Figure 3.3 contains UV-Vis spectra comparing Au NP seeds with the bimetallic Au4Pd NP 
system after Pd is deposited on the surface, as well as the co-reduced Au4Pd NP system. A typical 
absorption peak is seen ~ 550 nm for Au NPs caused by a phenomenon called surface plasmon 
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resonance (SPR).11 In the case of co-Au4Pd, no SPR peak is seen in the system. This would point 
towards Au-Pd interactions becoming more prominent, and a bimetallic alloy structure for the 
NPs.75 On the other hand, for the seq-Au4Pd catalyst, a slight peak can be seen at ~ 520 nm after 
the Pd reduction, which is dampened and shifted to lower energy compared to the pure Au NP 
plasmon peak. This indicates that Au-Au interactions are still prevalent in the system, though a 
dampening of the peak would indicate the addition of Pd into the system, likely on the surface of 
Au.63,75,142  
Figure 3.3. Comparison of UV-Vis spectra for co-Au4Pd, seq-Au4Pd, and Au NPs. 
XPS studies were performed to characterize the surface composition of both co- and 
sequentially- reduced Au4Pd catalysts. Figure 3.4 shows XPS spectra that were fit using Casa XPS 
software139 for both co- and seq-Au4Pd samples. High-resolution scans were obtained for Pd 3d 
and Au 4f peaks, which were then calibrated to a C 1s peak at 284.8 eV. In Figure 3.4a, Pd 3d5/2 
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and 3d3/2 peaks were fit for co-Au4Pd, giving binding energies of 334.6 and 339.9 eV, respectively. 
These values correlate well with literature to metallic Pd(0) at 335.4 ± 0.9 eV and 340.2 ± 0.4 eV, 
respectively.143 Figure 3.4b shows Au 4f7/2 and 4f5/2 peaks for co-Au4Pd, with binding energies of 
82.8 and 86.4 eV, respectively. These values also correlate well with metallic Au(0) in the 
literature at 83.2 and 86.9 eV, respectively.144 Figure 3.4c shows seq-Au4Pd fitted peaks for Pd 
3d5/2 and 3d3/2 with binding energies of 334.6 and 339.9 eV, respectively. Again, these values 
correlate well to Pd(0) from the previously mentioned literature.143 Lastly, Figure 3.4d shows seq-
Au4Pd fitted peaks for Au 4f7/2 and 4f5/2 with binding energies of 83.0 and 86.6 eV, respectively. 
These values correlate well with the previously mentioned literature.144 From this analysis, it can 
be concluded that both Au and Pd are in their metallic forms on the surface of the catalyst, meaning 
a full reduction has occurred. The surface analysis also confirms that both metallic Au and Pd are 
present in the system, though more in-depth results from X-ray absorption spectroscopy (XAS) 
will be discussed below to provide further conclusions on the make-up of these catalysts at each 
Au:Pd ratio.  
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Figure 3.4. Fitted XPS spectra for (a) co-red Au4Pd Pd 3d peak, (b) co-red Au4Pd Au 4f 
peak, (c) seq-Au4Pd Pd 3d peak, and (d) seq-Au4Pd Au 4f peak. 
Figure 3.5 contains XANES data at the Pd LIII-edge, showing a reference Pd foil compared 
to each ratio of co-AuxPd catalysts. The white-line feature at 3173 eV is caused by the excitation 
of electrons from the 2p3/2 to 4d band in Pd.145,146 The increase in white line intensity relative to 
Pd foil would suggest for each co-AuxPd catalyst would indicate that electrons are being 
withdrawn from the 4d band of Pd by Au in the catalyst.26,147,148 Also, a shift in the energy of the 
white line is observed for co-AuxPd catalysts, further concluding that electrons are being 
withdrawn from the 4d band of Pd by Au. This allows one to conclude that our catalyst is a 
bimetallic AuPd system as these apparent shifts in white line intensity and energy correlate well 
with the literature from our group and others.26,145,147,148 
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Figure 3.5. Pd LIII-edge XANES data on co-AuxPd samples. 
The bimetallic nature of both co- and sequentially- reduced AuxPd catalysts was evaluated 
via XAS. Figure 3.6 contains XAS data collected on HXMA at the CLS for co-AuxPd catalysts at 
each ratio of Au:Pd (i.e., 4:1, 3:1, 2:1, and 1:1). Figure 3.6a shows XANES spectra from the Pd 
K-edge for each co-AuxPd catalyst. The Pd K-edge measures the transition from a 1s orbital to 5p 
orbital in Pd at the edge, with a white line observed near 24350 eV. Figure 3.6b shows XANES 
spectra from the Au LIII-edge for each co-AuxPd catalyst. A shift to lower white line energy for 
the bimetallic samples relative to the Au foil would indicate an increase in electron density of the 
5d band of Au.75,147,149 This result, combined with results discussed from Figure 3.5, shows that 
Au is withdrawing electrons from Pd, increasing the electron density of the Au 5d band and 
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depleting electrons from the 4d band of Pd. Figures 3.6c and d contain k-space data collected on 
the Pd K-edge and Au LIII-edge, respectively, for all co-AuxPd catalysts. A comparison between 
the bimetallic samples and monometallic reference foils shows an obvious shift in periodicity at 
both metal edges beyond a wavenumber of 4 Å-1. This indicates there is a strong Au-Pd interaction 
in the co-AuxPd catalysts, providing further proof that they are bimetallic.
103 The R-space data at 
the Pd K-edge and Au LIII-edge for co-AuxPd catalysts are shown in Figures 3.6e and f. More 
intense peaks correlate to stronger interactions with the metal center being analyzed. In Figure 
3.6e, the sharp peak seen slightly below 2.5 Å for the Pd reference foil is due to first shell Pd-Pd 
interactions, while significantly reduced Pd-M peak intensities are seen for the co-AuxPd catalysts. 
This Pd-Pd R-value is shifted by ~ 0.3 Å as the data was not phase corrected in this figure. Fitted 
EXAFS spectra included in Appendix A are phase-corrected for both the Pd-Pd peak and Au-Au 
peak. Figure 3.6e suggests that a minute Pd-M interaction is observed for the co-reduced systems, 
indicating that Pd is likely located on the surface of Au. To quantitatively show this, a further 
discussion on the fitting of this data will be included later in Section 3.2. Figure 3.6f shows the R-
space data at the Au LIII-edge for all co-reduced AuxPd catalysts as well as Au foil. A strong first 
shell Au-Au interaction is seen slightly above 2.5 Å, while a strong Au-Pd interaction is observed 
slightly below 2.25 Å for each co-AuxPd sample. Both values are slightly shifted from 2.83 and 
2.80 Å, respectively, due to this data not being phase corrected. This strong Au-Pd interaction in 
the co-AuxPd catalysts suggests that these systems are alloys. There is a qualitative shift in the co-
reduced spectra versus the Au foil, further providing proof of strong Au-Pd interactions.  
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Figure 3.6. Synchrotron data for co-AuxPd catalysts. (a) Pd K-edge XANES, (b) Au LIII-edge 
XANES, (c) Pd K-edge k-space, (d) Au LIII-edge k-space, (e) Pd K-edge R-space, and (f) Au 
LIII-edge R-space. 
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Figure 3.7 shows the XANES region at the Pd LIII-edge, where an increase in white line 
intensity at 3173 eV, as well as a shift in white line energy is observed. As discussed for the co-
reduced system, an increase in white line intensity and shift to higher energy indicates electron 
withdrawal from the 4d band of Pd, though the shift is less dramatic for the seq-AuxPd system. 
Figure 3.7. Pd LIII-edge XANES data for seq-AuxPd samples. 
Figure 3.8 contains XANES and EXAFS spectra collected on BioXAS and HXMA 
beamlines at the CLS for seq-AuxPd catalysts at each ratio of Au:Pd (i.e., 4:1, 3:1, 2:1, and 1:1). 
Figure 3.8a shows XANES spectra from the Pd K-edge for all seq-AuxPd catalysts. As previously 
mentioned, this is the transition from a 1s to 5p orbital for Pd, with a white line observed near 
24350 eV. Figure 3.8b shows the Au LIII-edge XANES data for each seq-AuxPd sample. No 
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obvious shift in the white line is observed, indicating that an increase in electron density in the 5d 
band of Au is not as prominent for these samples. Figures 3.8c and d show the k-space data 
collected on both metal edges for the seq-AuxPd catalysts. No significant shifts in the periodicity 
of the wave are observed at either metal edge, though the amplitude of the wave at the Au LIII-edge 
correlates well with the Au reference foil, indicating that Au is in a near-bulk coordination 
environment. Again, this will be discussed near the end of Section 3.2, though a suggestion can be 
made that the seq-AuxPd catalysts take on a core-shell morphology.
75 Figure 3.8e contains R-space 
data for each seq-AuxPd catalyst at the Pd K-edge as well as a Pd reference foil. Like the co-
reduced catalysts, an intense feature just below 2.5 Å is observed for the reference foil, though 
weak Pd-M interactions are observed for the seq-AuxPd catalyst. There is a slight qualitative 
difference in peak shapes between the co- and seq-AuxPd catalysts, which will be discussed in 
more detail below. Figure 3.8f shows the R-space data collected on the Au LIII-edge for each seq-
AuxPd catalyst and an Au reference foil. A strong Au-Au interaction is observed for the Au 
reference foil as well as the seq-AuxPd catalysts just above 2.5 Å, indicating a near-bulk Au 
environment in the seq-AuxPd catalysts.  
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Figure 3.8. Synchrotron data for seq-AuxPd catalysts. (a) Pd K-edge XANES from 
BioXAS, (b) Au LIII-edge XANES from BioXAS, (c) Pd K-edge k-space from HXMA, (d) Au 
LIII-edge k-space from BioXAS, (e) Pd K-edge R-space from HXMA, and (f) Au LIII-edge R-
space from BioXAS. 
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Figure 3.9 provides an in-depth comparison on the Pd K-edge and Au LIII-edge between 
both co- and seq-AuxPd catalysts at 4:1 and 1:1 Au:Pd ratios. In Figure 3.9a, R-space data at the 
Pd K-edge is shown for co- and seq-AuxPd samples. As mentioned previously, the reduction in 
amplitude for the Pd-Pd just below 2.5 Å indicates that most of the Pd is on the surface of both 
catalysts. The low intensity of the Pd-Pd peak may indicate low coordination numbers (CNs) for 
the Pd-Pd bond in both catalysts, though the data must be fit using IFEFFIT software141,150 to 
quantify this Pd-Pd interaction in terms of CNs. Small features can be seen slightly shifted to a 
higher radial distance for both catalysts, indicating Au-Pd bonding. A slightly further shift is seen 
for co-Au4Pd and co-AuPd relative to the seq-AuxPd catalysts, indicating that Pd may be in more 
of an isolated environment compared to the seq-AuxPd catalysts and Pd-Pd CNs are lower for each 
ratio of Au:Pd, though further quantification was done through fitting the EXAFS data. In addition 
to the Pd K-edge R-space data, Figure 3.9b contains the Au LIII-edge R-space data for co- and 
sequentially- reduced AuxPd catalysts at the same ratios. Qualitatively, there are nuanced 
differences in line shapes between the co- and seq-AuxPd catalysts. The co-AuxPd catalysts show 
a stronger Au-Pd interaction just below 2.25 Å than the seq-AuxPd catalysts, indicating more Au-
Pd mixing in the co-reduced catalysts. A more significant difference in the R-space data between 
co- and seq-AuxPd is seen as the seq-AuxPd takes on a very similar shape to the Au foil. This 
would qualitatively conclude that Au is in a near-bulk environment in the seq-AuxPd catalyst with 
very strong Au-Au interactions, whereas a strong Au-Au interaction is not as prevalent in co-
AuxPd catalysts. Further quantitative conclusions can be made in regard to Pd-M and Au-M 
interactions by calculating CNs for Pd-Pd, Pd-Au, Au-Au, and Au-Pd interactions through EXAFS 
data fitting using the IFEFFIT software package. 
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Figure 3.9. R-space data comparing co-AuxPd and seq-AuxPd catalysts at (a) Pd K-edge and (b) 
Au LIII-edge. 
Simultaneous EXAFS fitting of both the Pd K-edge and Au LIII edge was done using AuPd 
alloy fcc models, and fitting results are shown in Tables 3.2 and 3.3. In Table 3.2 and 3.3, the 
element that comes first symbolizes the absorbing atom, while the second element symbolizes the 
neighbouring atom that scatters photoelectrons released by the absorbing atom (e.g. a PdAu 
interaction is a Pd absorbing atom with neighbouring first shell Au atoms). Both first shell Pd-Pd 
and Pd-Au interactions were quantified for all the co-reduced systems. For the Au4Pd co-reduced 
NPs, the small CN of 1.2 ± 0.3 for the Pd-Pd interaction, along with a significant CN of 8.7 ± 0.8 
for the Pd-Au interaction in the co-Au4Pd system indicates that the Pd is nearly in a single-atom 
environment.14,151 The co-reduced systems showed a slightly increased Pd-Pd CN of 2.5 ± 0.6, 2.5 
± 0.4, and 2.4 ± 1.2, for 3:1, 2:1, and 1:1 Au:Pd systems, respectively. This small increase in Pd-
Pd CN signals the loss of single-atom Pd, with Pd starting to associate with neighbouring Pd atoms 
within the core or on the surface of Au. Notably, the Pd-Au CN begins to decrease with the Au:Pd 
ratio, going from 7.2 ± 0.9 down to 6.0 ± 2.4 for the 3:1 and 1:1 samples, respectively. Au-Au and 
Au-Pd first shell interactions were also quantified for all the co-reduced catalysts. A large CN of 
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7.1 ± 0.7 for the first shell Au-Au in the co-Au4Pd catalyst was seen, indicating a large number of 
Au-Au neighbours. A low CN for Au-Pd in the co-Au4Pd catalyst of 1.2 ± 0.3 was also quantified. 
As the ratio of Au:Pd decreases from 4:1 to 1:1, the CN of Au-Au decreases while the CN of Au-
Pd increases. At an Au:Pd ratio of 1:1, the CN for Au-Au is 5.8 ± 0.9, and for Au-Pd it is 3.7 ± 
0.6. To conclude, the nearest catalyst to a SAC is the co-Au4Pd system, with all other ratios 
showing a trend towards AuPd catalysts with more contiguous Pd domains (i.e., higher 
coordination between Pd atoms on the surface). The total Pd-M and Au-M CNs can be calculated 
by adding together Pd-Au with Pd-Pd, and Au-Pd with Au-Au, respectively, to confirm which 
metal is preferentially on the surface of the catalysts. As the ratio of Au:Pd decreases from 4:1 to 
1:1, the total Pd-M CN decreases, while Au-M increases, indicating that Pd is initially 
predominantly on the surface of the 4:1 catalyst and not as predominantly on the surface as the 
ratio approaches unity. The bond distances listed are in good agreement with the literature14,26 on 
bimetallic AuPd systems, with Pd-Pd distances at 2.79 ± 0.01 Å and Au-Au at 2.83 ± 0.01 Å. 
These values are slightly lower than the reference foils, which is typical for  NP systems.152,153 
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Table 3.2. EXAFS Fitting Parameters for co-AuxPd catalysts. 
 
Compared to the co-reduced samples, slight increases in Pd-Pd CNs become apparent for 
the sequentially reduced samples. For the seq-Au4Pd system, a CN of 1.6 ± 0.3 for Pd-Pd and 6.1 
± 0.5 for Pd-Au is observed. As the ratio of Au:Pd decreases, the CN of Pd-Pd increases while Pd-
Au decreases, with the seq-AuPd system showing 6.0 ± 0.4 for Pd-Pd, and 3.2 ± 0.6 for Pd-Au. 
This is a similar trend observed in the co-AuxPd catalysts. For seq-Au4Pd, a large CN of 9.5 ± 0.4 
for Au-Au is observed. The seq-AuPd catalyst has an Au-Au CN of 11.2 ± 1.1, resembling an Au 
fcc lattice (CN of 12). This is a sign that all Au atoms are in the interior of the NPs as Au:Pd ratios 
approach unity. The insignificant Au-Pd interaction for each sequentially reduced catalyst along 
Catalyst Bond CN R (Å) σ2 (Å2) E0 (eV) R-factor 
co-Au4Pd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
8.7 ± 0.8 
1.2 ± 0.3 
7.1 ± 0.7 
1.2 ± 0.3 
2.80 ± 0.01 
2.79 ± 0.02 
2.83 ± 0.01 
2.80 ± 0.01 
0.008 ± 0.001 
0.006 ± 0.002 
0.009 ± 0.001 
0.006 ± 0.002 
-4.1 ± 0.6 
-4.1 ± 0.6 
4.7 ± 0.4 
4.7 ± 0.4 
0.008 
co-Au3Pd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
7.2 ± 0.9 
2.5 ± 0.6 
6.3 ± 0.8 
1.6 ± 0.3 
2.80 ± 0.01 
2.79 ± 0.01 
2.82 ± 0.01 
2.80 ± 0.01 
0.007 ± 0.001 
0.007 ± 0.002 
0.008 ± 0.001 
0.004 ± 0.001 
-1.7 ± 0.4 
-1.7 ± 0.4 
4.2 ± 0.5 
4.2 ± 0.5 
0.016 
co-Au2Pd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
7.3 ± 0.9 
2.5 ± 0.4 
6.5 ± 1.2 
2.7 ± 0.5 
2.80 ± 0.01 
2.79 ± 0.01 
2.82 ± 0.01 
2.80 ± 0.01 
0.008 ± 0.002 
0.005 ± 0.001 
0.009 ± 0.002 
0.007 ± 0.001 
-5.4 ± 0.4 
-5.4 ± 0.4 
5.2 ± 0.6 
5.2 ± 0.6 
0.007 
co-AuPd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
6.0 ± 2.4 
2.4 ± 1.2 
5.8 ± 0.9 
3.7 ± 0.6 
2.80 ± 0.01 
2.77 ± 0.03 
2.82 ± 0.01 
2.80 ± 0.01 
0.008 ± 0.006 
0.005 ± 0.004 
0.008 ± 0.001 
0.007 ± 0.001 
-6.2 ± 0.8 
-6.2 ± 0.8 
6.1 ± 0.6 
6.1 ± 0.6 
0.023 
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with large Pd-Pd and Au-Au interactions would indicate a core-shell morphology rather than an 
alloy.26,75,152 Bond distances of ~ 2.70, ~ 2.73, and ~ 2.83 for Pd-Pd, Pd-Au, and Au-Au are in 
good agreement with previous work.26 It should be noted that the energy shift parameter (E0) is 
generally in the range of ± 10 eV, which is near the acceptable limit for modelling purposes. In 
Table 3.3, seq-Au3Pd has an E0 value slightly outside this range, though the errors are large enough 
that we can consider these values to be within the ± 10 eV range.  
Table 3.3. EXAFS Fitting Parameters for seq-AuxPd Catalysts. 
Catalyst Bond CN R (Å) σ2 (Å2) E0 (eV) R-factor 
seq-Au4Pd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
6.1 ± 0.5 
1.6 ± 0.3 
9.5 ± 0.4 
ND1 
2.73 ± 0.01 
2.68 ± 0.02 
2.84 ± 0.01 
ND 
0.008 ± 0.001 
0.007 ± 0.002 
0.010 ± 0.001 
ND 
-4.4 ± 0.7 
-4.4 ± 0.7 
3.5 ± 0.6 
ND 
0.017 
seq-Au3Pd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
5.2 ± 0.5 
1.9 ± 0.3 
9.5 ± 0.4 
0.5 ± 0.1 
2.74 ± 0.01 
2.69 ± 0.02 
2.83 ± 0.01 
2.74 ± 0.01 
0.006 ± 0.001 
0.005 ± 0.002 
0.009 ± 0.001 
0.004 ± 0.001 
-10.5 ± 0.8 
-10.5 ± 0.8 
3.0 ± 0.6 
3.0 ± 0.6 
0.020 
seq-Au2Pd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
5.7 ± 0.7 
3.3 ± 0.5 
12.2 ± 0.7 
ND 
2.71 ± 0.01 
2.68 ± 0.02 
2.84 ± 0.01 
ND 
0.011 ± 0.002 
0.008 ± 0.001 
0.011 ± 0.001 
ND 
-2.9 ± 1.0 
-2.9 ± 1.0 
4.9 ± 0.7 
ND 
0.017 
seq-AuPd 
Pd-Au 
Pd-Pd 
Au-Au 
Au-Pd 
3.2 ± 0.6 
6.0 ± 0.4 
11.2 ± 1.1 
ND 
2.73 ± 0.02 
2.73 ± 0.01 
2.84 ± 0.01 
ND 
0.008 ± 0.001 
0.009 ± 0.001 
0.009 ± 0.001 
ND 
-7.6 ± 0.6 
-7.6 ± 0.6 
4.6 ± 1.2 
ND 
0.015 
1ND = Not detected. This indicates that the errors in the EXAFS parameter were larger than the 
value obtained.  
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3.3 Selective Oxidation of Crotyl Alcohol Using Co- and Seq-reduced AuxPd Catalysts 
The co-reduced and sequentially reduced AuxPd catalysts were monitored for the base-free, 
room-temperature selective oxidation of crotyl alcohol to evaluate the selectivity of each catalyst 
in producing crotonaldehyde. Table 3.4 shows the results from this reaction with co- and seq-
reduced AuxPd catalysts, as well as monometallic Au and Pd NPs. Both the monometallic NP 
catalysts showed < 10% conversion to the three products of the crotyl alcohol oxidation, 
crotonaldehyde, 1-butanol, and 3-buten-1-ol. Each bimetallic catalyst was more active (i.e., higher 
conversion) and more selective to crotonaldehyde than either monometallic catalyst. The near 
single-atom co-Au4Pd catalyst showed the greatest selectivity towards crotonaldehyde formation, 
at 77%. The largest conversion of 39 ± 9% was also observed for this catalyst. Notably, the 
selectivity towards crotonaldehyde decreased from the co-Au4Pd catalyst to the co-AuPd system, 
which had a selectivity of 36%. This result would suggest that not only is the near SAC more 
selective, the selectivity is also related to the minimal Pd-Pd interactions (Table 3.2) that exist for 
this catalyst. An increase in side-product formation from the 3:1 catalyst down to 1:1 would 
indicate increased amounts of Pd-H species present in the catalyst (refer to Scheme 3.2), which is 
directly related to the increase in the CNs of Pd-Pd. As Pd forms continuous domains on the surface 
of Au, Pd-H species can be directly adjacent to other Pd catalytic sites, which adsorb the alkene, 
increasing the likelihood of side-products to form. Comparing the co-reduced catalyst to the 
sequentially reduced system, a decrease in aldehyde selectivity is observed for the sequentially 
reduced system at each Au:Pd ratio relative to the co-reduced system. The selectivity to the 
aldehyde decreases from 62% for seq-Au4Pd down to 27% for seq-AuPd. Control reactions were 
performed to show that Au NPs are nearly inert for the oxidation reaction, while Pd NPs show 
high selectivity, but low conversion. The Pd NP control agrees with previous work.145 Turnover 
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numbers (TONs) were generated based on the Pd:substrate ratio in our catalysts, which was 1:250, 
and average turnover frequencies (TOFs) were calculated by dividing the TON by 3 hours. The 
TON and TOF values can be compared to previous work by Maclennan et al.26 using a seq-AuPd3 
catalyst, which used a higher ratio of Pd to Au than our work and different concentrations of each 
metal ([Pd] = 9.36 mM, [Au] = 3.13 mM). The same Pd:substrate ratio of 1:250 was used in this 
work, as well as similar reaction conditions at ambient temperature (25 oC). In this work, a 
conversion of 72.4% and selectivity of 62.8% was obtained, with a TON of 180. Our best catalyst, 
co-Au4Pd, showed lower conversion (39 ± 9%) and better selectivity (77%), as well as a TON of 
98 ± 22, which lower than the work by Maclennan et al. In this work, we were able to significantly 
reduce the amount of Pd in the catalyst, without hindering the selectivity greatly. Crotyl alcohol 
oxidations have been studied by our group and others, although typically using much harsher 
reaction (higher T, presence of bases) conditions which make comparisons difficult.74,75,145 
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Table 3.4. Crotyl Alcohol Oxidation Resultsa. 
Catalyst Conversion Compound Selectivity TON TOF (h-1) 
co-Au4Pd 39 ± 9 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
77 ± 2 
17 ± 1 
6 ± 3 
98 ± 22 33 ± 7 
co-Au3Pd 24 ± 2 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
65 ± 1 
21 ± 1 
15 ± 1 
59 ± 4 20 ± 1 
co-Au2Pd 21 ± 3 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
67 ± 3 
17 ± 1 
17 ± 1 
53 ± 8 18 ± 3 
co-AuPd 10 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
36 ± 1 
22 ± 1 
42 ± 1 
24 ± 2 8 ± 1 
seq-Au4Pd 21 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
62 ± 1 
20 ± 1 
18 ± 1 
51 ± 1 17 ± 1 
seq-Au3Pd 15 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
48 ± 4 
25 ± 2 
27 ± 2 
37 ± 3 12 ± 1 
seq-Au2Pd 12 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
35 ± 3 
28 ± 1 
37 ± 2 
29 ± 2 10 ± 1 
seq-AuPd 9 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
27 ± 2 
29 ± 1 
45 ± 1 
23 ± 1 8 ± 1 
Au NP 
control1 
0.3 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
0.0 
100.0 
0.0 
0.8 0.3 
Pd NP 
control2 
7 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
70 
22 
8 
17 6 
aAll reactions were run for 3 hours, stirring at 1400 rpm at room temperature (22 oC). The 
Pd:substrate ratio used for all reactions was 1:250 (5 mL of sample, 0.32 mL of crotyl alcohol). 
[Pd] = 3 mM for all AuxPd catalysts. 
1[Au] = 18.2 mM. 2[Pd] = 3 mM. TON was calculated by 
multiplying the substrate ratio to Pd (250:1) by the total conversion percentage. The average TOF 
was calculated by dividing the TON by 3 hours.   
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Table 3.5. Crotyl Alcohol Oxidation Results Using Vinyl Acetatea  
Catalyst Conversion Compound Selectivity TON TOF (h-1) 
co-Au4Pd 45 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
88 ± 1 
6.6 ± 0.3 
5.9 ± 0.1 
113 ± 2 38 ± 1 
co-AuPd 17 ± 8 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
69 ± 4 
13 ± 2 
18 ± 2 
42 ± 21 14 ± 7 
seq-Au4Pd 30 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
78 ± 1 
11 ± 1 
11 ± 1 
75 ± 1 25 ± 1 
seq-AuPd 13 ± 1 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
50 ± 1 
20 ± 1 
30 ± 1 
32 ± 1 11 ± 1 
Vinyl 
acetate 
blank 
3 
Crotonaldehyde 
1-butanol 
3-buten-1-ol 
13 
80 
7 
6 2 
aAll reactions were run for 3 hours, stirring at 1400 rpm at room temperature (22 oC). The 
Pd:substrate ratio used for all reactions was 1:250 (5 mL of sample, 0.32 mL crotyl alcohol), while 
the substrate:VA ratio was kept at 1:1 (0.35 mL VA). 
  
A comparison study was performed to show that vinyl acetate (VA) can also be used as a 
sacrificial alkane to “clean” the surface of the catalyst, similar to how O2(g) removes Pd-H 
species.59 This study was done to prove that Pd-H species lead to the production of undesired side-
products (Scheme 3.2), and to mitigate side-product formation to drive selectivity towards 
crotonaldehyde. The result of substituting O2(g) with VA is noted in Table 3.5. The co-Au4Pd and 
co-AuPd catalysts were compared, as well as seq-Au4Pd and seq-AuPd. For all four catalysts, 
increased conversions and selectivities are observed, with the selectivity for the co-Au4Pd system 
increasing from 77 ± 2% using O2(g) to 88 ± 1% using VA. Similarly, for seq-Au4Pd, the selectivity 
increased from 62 ± 1% to 78 ± 1% using O2(g) and VA, respectively. The reduction of side-product 
formation would indicate the VA cleans the surface of the catalyst by removing Pd-H species more 
efficiently than O2(g); this may be due to the fact that VA is in the same phase as the substrate, 
while O2 has to diffuse into the liquid phase which sets up possible mass transfer limitations. The 
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significance of using VA is that it is inexpensive, small amounts of it are needed for the oxidation 
reaction (1:1 VA:substrate), and a pressurized system of oxygen gas is not needed. The use of VA 
also makes it easier to replicate the oxidation reaction, as everything can be thrown into “one-pot” 
and left to react for a desired amount of time.  
3.4 Conclusion 
To conclude Chapter 3, a series of co- and seq-reduced AuxPd catalysts with x = 4, 3, 2, 
and 1 were synthesized, characterized, and evaluated as selective catalysts in the oxidation of crotyl 
alcohol to crotonaldehyde. TEM, XPS, and XAS analysis techniques confirmed that bimetallic co- 
and seq-AuxPd systems were synthesized, with seq-AuxPd showing a core-shell morphology. XPS 
spectra were fit to conclude that metallic Au and Pd were present in each catalyst system. 
Modelling of the EXAFS data confirmed that co-Au4Pd and seq-Au4Pd contained nearly isolated 
Pd atoms, while other ratios of co- and seq-AuxPd catalysts showed more contiguous domains of 
Pd. Results from the oxidation of crotyl alcohol showed co-Au4Pd was not only more active but 
also most selective in forming crotonaldehyde. As the ratio of Au:Pd decreased in both co- and 
seq-AuxPd catalysts, activity and selectivity decreased. These catalysts were compared to 
monometallic Au and Pd NPs and were all more active and selective than the monometallic 
catalysts. 
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Chapter 4: Selective Hydrogenation of 2-methyl-3-butyn-2-ol by Single-Atom 
Heterogeneous and Quasi-Homogeneous Catalysts   
4.1 Introduction 
 The hydrogenation of 2-methyl-3-butyn-2-ol (MBY) can be used to quantify the selectivity 
of numerous single-atom catalysts (SACs),43,44,154,155 particularly Pd/g-C3N4 single-atom 
heterogeneous catalysts and bimetallic AuPd quasi-homogeneous SACs. Scheme 4.1 shows the 
two products of the hydrogenation of MBY, 2-methyl-3-buten-2-ol (MBE) and 2-methyl-2-
butanol (MBA). These are the semi-hydrogenated and fully hydrogenated products, respectively. 
The purpose of using this system is to see if SACs can selectively synthesize the semi-
hydrogenated product (MBE) over the fully hydrogenated product (MBA), as shown by the work 
of Li et al.155 Their work was able to show that an Au@Au4Pd1 core-shell nanocube catalyst was 
able to successfully convert MBY to MBE at 98.4% conversion as well as selectively produce 
MBE at 90.2% selectivity (with only 9.80% of the substrate fully reducing to MBA). Li and co-
workers deem this catalyst to be heterogeneous, though it differs from our Pd/g-C3N4 system in 
the fact that their nanocube is bimetallic, and ours contains only Pd. Their catalyst contained 0.4 
nmol of Pd, while 0.1 mmol of MBY was used.   
 
Scheme 4.1. Catalytic hydrogenation of MBY to MBE and MBA. 
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 This Pd/g-C3N4 SAC was evaluated in the crotyl alcohol system from Chapter 3, though 
no activity could be seen, deeming the crotyl alcohol system to be structure-sensitive in the sense 
that a quasi-homogeneous bimetallic catalyst was active, while a heterogeneous system containing 
only Pd was not. For this hydrogenation system, both the heterogeneous Pd/g-C3N4 and quasi-
homogeneous bimetallic AuzPd systems were evaluated to see whether either catalytic system 
exhibited structure-sensitive catalytic behaviour in terms of selectively producing MBE with 
minimal MBA production. 
4.2 Synthesis and Characterization of Pd/g-C3N4 Catalysts  
Pd/g-C3N4 catalysts were made by first synthesizing the g-C3N4 support material through 
a polymerization reaction of dicyandiamide at 600 oC under moderate N2(g) flow. Once the support 
was made, Pd was deposited on g-C3N4 by mixing the support with K2PdCl4 in water for 24 hours. 
K2PdCl4 was added such that the weight percentage of Pd on g-C3N4 was 0.1%, 0.5%, and 2.0%. 
After the thorough mixing of the support and Pd precursor, Pd was either reduced with NaBH4 or 
not reduced at all. The support was collected via filtration and dried in an oven at 50 oC overnight 
to give xPd/g-C3N4, where x = 0.1, 0.5, and 2.0% Pd. Figure 4.1a shows a typical TEM image of 
the g-C3N4 support material without any Pd deposition, while Figure 4.1b shows the pXRD spectra 
of the same support material. The TEM image shows a powdered solid on the micrometre scale, 
while the pXRD pattern depicts a sharp feature at 27.5° 2θ, which is representative of the (002) 
plane of g-C3N4. The peak at 27.5° 2θ indicates graphite-like layer stacking of the g-C3N4 
material.78 Both the TEM image and the pXRD spectrum compare nicely to literature work done 
on the same support material, g-C3N4
78, with the (002) peak occurring at 27.3° 2θ. 
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Figure 4.1. a) A TEM image of g-C3N4 and b) pXRD pattern of the g-C3N4 sample. 
Figure 4.2a shows a TEM image of an as-synthesized Pd/g-C3N4 catalyst (i.e., Pd was not 
reduced with NaBH4 during the synthesis). Contrasting this is Figure 4.2b, where Pd was reduced 
with NaBH4 in a g-C3N4 matrix. A noticeable difference can be observed where small Pd 
nanoparticles can be seen on the g-C3N4 support when Pd is reduced in the system. The average 
particle size calculated for the particles seen in Figure 4.2b is 4.7 ± 1.6 nm. Particle sizes were 
calculated using ImageJ software.138 The non-reduced Pd/g-C3N4 does not show any small Pd 
particles in the TEM, resembling the image seen in Figure 4.1a.   
Figure 4.2. a) A TEM image of a 2.0% Pd/g-C3N4 (as-synthesized), and b) A TEM image of 
2.0% Pd/g-C3N4 (reduced). 
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Figure 4.3 shows the fitted XPS spectra of both the as-synthesized and reduced Pd/g-C3N4 
catalysts. XPS spectra were fit using CasaXPS software.139 Figure 4.3a shows the fitted XPS 
spectrum for the as-synthesized 2.0% Pd/g-C3N4 catalyst. The binding energies of the Pd 3d5/2 and 
Pd 3d3/2 peaks occur at 337.8 eV and 343.0 eV, respectively, which are indicative of a Pd(II) 
species143. The Pd 3d5/2 peak compares well with literature at 337.9 ± 0.2 eV for a Pd(II) species 
(PdCl2), and the Pd 3d5/2 and 3d3/2 peaks are separated by 5.2 eV, comparing well to a literature 
value of 5.31 ± 0.12 eV.143 As this catalyst was not reduced, it would be expected that Pd would 
have an oxidation state of +2 since the precursor, K2PdCl4, was used in the synthesis. The Pd 3d5/2 
peak is not completely Gaussian, indicating that another species may be present. From comparison 
with literature binding energies, we believe this small feature to be PdO, though this species could 
not be fit for both the 3d5/2 and 3d3/2 peaks as the intensity of the peak was too low. PdO is seen at 
336.4 ± 0.7 eV according to literature,143 and a small feature can be seen at ~336 eV in our data. 
Figure 4.3b shows the fitted XPS spectrum for a 2.0% Pd/g-C3N4 catalyst reduced by NaBH4. The 
binding energies for the Pd 3d5/2 and 3d3/2 peaks are seen at 337.2 and 342.4 eV, respectively. 
These values are slightly shifted to lower binding energy than the as-synthesized catalyst and 
compare well to the literature value of a PdO peak at 336.4 ± 0.7 eV.143 Again, a non-Gaussian 
peak for the reduced catalyst is observed. The intensity of the feature at ~335 eV was too low in 
intensity to fit for both the 3d5/2 and 3d3/2 peaks but correlates well with a literature value of 335.4 
± 0.9 eV for a Pd(0) species.143 Since NaBH4 was used in the synthesis to reduce Pd(II), we can 
postulate that this non-Gaussian feature at ~335 eV is indicative of Pd(0). The Pd 3d5/2 and 3d3/2 
peaks are separated by 5.2 eV, which compares well with the literature value for the doublet 
separation at 5.31 ± 0.12 eV.143 
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Figure 4.3. Fitted XPS spectra for a) as-synthesized and b) reduced 2.0% Pd/g-C3N4 
catalysts. 
Figure 4.4 shows XANES spectra from the Pd LIII-edge (2p
3/2 to 4d transition) on SXRMB 
at the CLS of the 2.0% Pd/g-C3N4 catalyst that is not reduced, reduced under H2(g) (post-
hydrogenation), and reduced using NaBH4. The decreasing white line intensity at ca. 3175 eV for 
samples that have been reduced suggests that some Pd reduction is occurring both in the presence 
of NaBH4 and H2(g), which is consistent with XPS data above. However, the reduction is only 
partial, as the white line intensity is still significantly higher than the Pd nanoparticle standard. 
This is consistent with the XPS analysis above. An interesting observation of this analysis is the 
as-synthesized, non-reduced 2.0% Pd/g-C3N4 catalyst showed some reduction under 
hydrogenation reaction conditions.  
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Figure 4.4. XANES data on the Pd LIII-edge for as-synthesized, post H2(g) treatment, and 
reduced 2.0% Pd/g-C3N4 catalysts. 
Figure 4.5a shows k-space data from each sample compared to the k-space of Pd foil at the 
Pd K-edge on both the HXMA and BioXAS beamlines. The k-space data for the reduced samples 
appear to have similar periodicity with the Pd foil, albeit with much-depressed amplitudes, while 
the non-reduced sample has significantly different periodicity. This suggests that some Pd 
reduction to Pd clusters and/or nanoparticles may be occurring upon reduction. Figure 4.5b shows 
the R-space EXAFS data for each sample as well as Pd foil. As expected, the reduced samples 
show a noticeable Pd-Pd interaction and Pd-N interaction around 2.5 Å and 1.6 Å, respectively, 
while a Pd-Pd peak cannot be seen for the non-reduced system. The very low intensity of the Pd-
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Pd peak is indicative of very small clusters of Pd. This information further confirms that the non-
reduced sample contains minimal amounts of metallic Pd in a g-C3N4 matrix, while the reduction 
of Pd creates metallic Pd species on g-C3N4. This R-space data was further quantified by fitting 
with IFEFFIT software using the program Artemis141 using a Pd fcc model and a simple Pd-N 
single-shell model. All fitting for Pd/g-C3N4 catalysts was performed with a k-weight of 1. Fitting 
results are summarized in Table 4.1. An increasing CN for Pd-Pd is observed as the catalyst is 
further reduced. Notably, the Pd-Pd interaction cannot be quantified for the non-reduced catalyst. 
A Pd-Pd CN of 1.0 ± 0.2 and 2.2 ± 1.1 is observed for the post H2(g) and NaBH4-reduced catalysts, 
respectively. The absence of a Pd-Pd feature for the non-reduced catalyst suggests that Pd(II) is in 
a single-atom environment on a g-C3N4 matrix. The larger CN for the reduced systems suggests 
slight agglomeration of Pd species to form clusters in the g-C3N4 matrix. This suggests that the 
single-atom Pd/g-C3N4 catalyst is not stable under hydrogenation conditions; that is, Pd begins to 
agglomerate. R-values for Pd-Pd and Pd-N bonds given in Table 4.1 are in good agreement with 
literature values of 2.75 Å for Pd-Pd and ~ 2.0 Å for Pd-N.14,58 Note that the 2.0% Pd/g-C3N4 
reduced sample (reduced with NaBH4) was analyzed on the HXMA beamline, while the other two 
samples (not reduced and post H2(g) treatment) were analyzed on BioXAS at the CLS. The Pd foil 
reference data was almost identical, though the flux was much lower on BioXAS than on HXMA 
at the Pd K-edge, which leads to more noise at higher k values. This means that secondary shells 
can not be analyzed as well using BioXAS, though the data and fits do not appear to be affected 
in any way. The appendix of this work contains the phase-corrected EXAFS fits from Artemis for 
each of the catalysts mentioned in Table 4.1. 
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Figure 4.5. a) k-space data from the Pd K-edge on HXMA and BioXAS beamlines, and b) R-
space data from HXMA and BioXAS beamlines. 
Table 4.1. EXAFS Fitting Parameters for 2.0% Pd/g-C3N4 Catalysts. 
1ND = Not detected. This indicates that the errors in the EXAFS parameter were larger than the 
value given.  
 
Figure 4.6 contains R-space data from the HXMA beamline at the CLS on the Pd K-edge 
for 0.1, 0.5, and 2.0% Pd/g-C3N4 catalysts reduced with NaBH4. A Pd-Pd interaction around 2.5 
Å and Pd-N interaction around 1.5 Å are observed for each catalyst. Qualitatively, changing the 
weight percentage of Pd from 0.1 to 2.0% does not show an obvious trend in the EXAFS region. 
Each catalyst shows a reduced intensity peak at 2.5 Å, indicating Pd cluster formation. The EXAFS 
spectra were fit with IFEFFIT software using Artemis with the same models that were used to 
Catalyst Bond CN R (Å) σ2 (Å2) E0 (eV) R-
factor 
2.0% as-
synthesized 
Pd-Pd 
Pd-N 
ND1 
3.4 ± 0.2 
ND 
2.05 ± 0.01 
ND 
0.001 ± 0.001 
ND 
7.0 ± 1.3 
0.021 
2.0% post 
H
2(g)
 
Pd-Pd 
Pd-N 
1.0 ± 0.2 
1.8 ± 0.1 
2.74 ± 0.01 
2.04 ± 0.01 
0.003 ± 0.002 
0.001 ± 0.001 
-1.8 ± 1.6 
4.3 ± 0.9 
0.013 
2.0% Pd/g-
C
3
N
4
 
Pd-Pd 
Pd-N 
2.2 ± 1.1 
2.5 ± 0.6 
2.71 ± 0.03 
2.03 ± 0.03 
0.006 ± 0.004 
0.001 ± 0.004 
-3.9 ± 3.2 
3.4 ± 3.0 
0.056 
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generate the values in Table 4.1. These EXAFS fitting results are listed in Table 4.2. Pd-Pd CNs 
of 1.5 ± 0.5, 1.4 ± 0.6, and 2.2 ± 1.1 are measured for the 0.1, 0.5, and 2.0% Pd/g-C3N4 reduced 
catalysts, respectively. Again, there is no obvious trend in the data, though it is apparent that some 
Pd-Pd bonding is present in all these systems. R-values in Table 4.2 for Pd-Pd and Pd-N bonds 
agree well with literature at 2.75 and ~ 2.0 Å, respectively.14,58 Through fitting the EXAFS data, 
it can be concluded that as the Pd/g-C3N4 catalyst is reduced by NaBH4, small Pd clusters become 
apparent on the g-C3N4 matrix, as noted by Pd-Pd CNs that are larger than 1. 
Figure 4.6. R-space data on the Pd K-edge from the HXMA beamline at the CLS for 0.1, 0.5, and 
2.0% reduced Pd/g-C3N4 Catalysts. 
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Table 4.2. EXAFS Fitting Parameters for 0.1, 0.5, and 0.2% reduced Pd/g-C3N4 Catalysts. 
 
4.3 Hydrogenation of 2-methyl-3-butyn-2-ol by Pd/g-C3N4 and co-Au4Pd catalysts   
Table 4.3 contains the results of MBY hydrogenation studies using the Pd/g-C3N4 catalyst 
with varying weight percentages of Pd on g-C3N4. An obvious trend of increased activity at 
increase Pd weight percentages is seen, with near 100% conversions observed for the catalysts 
with more than 0.5% Pd present. As more Pd is present, the reaction goes to completion sooner, 
which is marked by the high selectivity for the alkane (MBA) in the case of the 2.0% Pd catalyst. 
MBA is considered the fully hydrogenated product, where the alkene (MBE) is first produced and 
then further hydrogenated to the final alkane product.29,43,44,155,156 An interesting feature in Table 
4.3 is the comparison between the reduced and not reduced 2.0% Pd catalyst. For a 1 hour reaction, 
both show nearly 100.0% conversions to the fully hydrogenated alkane product, suggesting that 
Pd is reduced on g-C3N4 over the course of the hydrogenation reaction. This conclusion is 
consistent with the XAS and XPS data previously discussed. The equivalence of MBY used in 
each case differed as a constant volume of MBY was delivered (0.1 mL) for each reaction.  
 
Catalyst Bond CN R (Å) σ2 (Å2) E0 (eV) R-
factor 0.1% 
Pd/g-
C
3
N
4
 
Pd-Pd 
Pd-N 
1.5 ± 0.5 
2.9 ± 0.4 
2.74 ± 0.02 
2.03 ± 0.02 
0.004 ± 0.003 
0.005 ± 0.003 
-0.6 ± 2.3 
4.9 ± 1.7 
0.025 
0.5% 
Pd/g-
C
3
N
4
 
Pd-Pd 
Pd-N 
1.4 ± 0.6 
3.0 ± 0.6 
2.74 ± 0.03 
2.03 ± 0.03 
0.006 ± 0.004 
0.007 ± 0.004 
-2.3 ± 3.1 
4.4 ± 2.4 
0.025 
2.0% 
Pd/g-
C
3
N
4
 
Pd-Pd 
Pd-N 
2.2 ± 1.1 
2.5 ± 0.6 
2.71 ± 0.03 
2.03 ± 0.03 
0.006 ± 0.004 
0.001 ± 0.004 
-3.9 ± 3.2 
3.4 ± 3.0 
0.056 
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Table 4.3. MBY Hydrogenation Results for Pd/g-C3N4 Catalysts
a 
Wt. % Pd 
MBY 
equiv. 
to Pd 
Conversion 
(%) 
Compound 
Selectivity 
(%) 
TON TOF (h
-1
) 
0.1% 10642 44 
MBE 
MBA 
90 
10 
4683 4683 
0.5% 2128 99 
MBE 
MBA 
67 
33 
2107 2107 
2.0% 
reduced 
532 99 
MBE 
MBA 
0 
100 
528 528 
2.0% as-
synthesized 
532 99 
MBE 
MBA 
1 
99 
527 527 
aAll reactions were run for 1 hour, stirring at 1600 rpm at room temperature (22 oC). TON was 
calculated by multiplying the substrate ratio to Pd by the total conversion percentage. TOF was 
calculated by dividing the TON by 1 hour.   
 
Table 4.4 shows a time study comparison between a 0.5% Pd/g-C3N4 catalyst, and a PVP-
stabilized co-Au4Pd catalyst from Chapter 3 and a PVP-stabilized 3 mM Pd NP solution. This 
comparison was performed to evaluate the structure-sensitivity of this hydrogenation reaction and 
to compare the heterogeneous system to our earlier quasi-homogeneous system. Each reaction was 
run in duplicate. The [Pd] = 3.0 mM for both the quasi-homogeneous system and the Pd NP system. 
Results from Table 4.3 suggest that the hydrogenation of MBY is not structure-sensitive; that is, 
MBE can not be selectively produced using either the heterogeneous or quasi-homogeneous SACs. 
Pd NPs were the most active catalyst, while the quasi-homogeneous co-Au4Pd is the least active 
catalysts at a set reaction time, with the heterogeneous system residing in the middle of these two. 
For the 30 minute reaction, a conversion of 62 ± 3%, 39 ± 5%, and 22 ± 1% to MBE and MBA are 
seen for the Pd NP, 0.5% Pd/g-C3N4, and co-Au4Pd catalyst, respectively. There is no obvious 
trend in the selectivity data, meaning this reaction or the catalysts are not selective in forming the 
MBE product without producing MBA. Increasing the time increases the amount of MBA 
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produced as the reaction is allowed to react further. These results indicate that less Pd can be used 
in the synthesis of a supported Pd/g-C3N4 catalyst to achieve similar results to a higher 
concentrated Pd NP catalyst if allowed to react for slightly longer periods of time.  
Table 4.4. MBY Hydrogenation Time Study and Catalyst Comparisona 
Sample 
(reaction 
time) 
MBY 
equiv. 
to Pd 
Conversion 
(%) 
Compound 
Selectivity 
(%) 
TON TOF (h
-1
) 
0.5% Pd 
(1.5 
hours) 
2128 99 ± 1 
MBE 
MBA 
0 
100 
2112 ± 1 1408 ± 1  
0.5% Pd 
(1 hour) 
2128 99 ± 1 
MBE 
MBA 
43 ± 34 
57 ± 34 
2106 ± 1 2106 ± 1 
0.5% Pd 
(30 min) 
2128 39 ± 5 
MBE 
MBA 
89 ± 3 
11 ± 3 
828 ± 111 1657 ± 223 
co-
Au
4
Pd 
(1.5 
hours) 
250 99 ± 1 
MBE 
MBA 
12 ± 1 
88 ± 1 
248 ± 1 166 ± 1 
co-
Au
4
Pd (1 
hour) 
250 48 ± 4 
MBE 
MBA 
81 ± 1 
19 ± 1 
121 ± 9 121 ± 9 
co-
Au
4
Pd 
(30 min) 
250 22 ± 1 
MBE 
MBA 
81 ± 1 
19 ± 1 
56 ± 1  111 ± 1 
Pd NP 
(1.5 
hours) 
250 100 
MBE 
MBA 
10 ± 10 
90 ± 10 
249 ± 1  166 ± 1 
Pd NP (1 
hour) 
250 100 ± 1 
MBE 
MBA 
50 ± 19 
50 ± 19 
249 ± 1 249 ± 1 
Pd NP 
(30 min) 
250 62 ± 3 
MBE 
MBA 
89 ± 10 
11 ± 10 
155 ± 7 311 ± 14 
aAll reactions were stirred at 1600 rpm at room temperature (22 oC). TON and TOF values were 
calculated as in Table 4.3.  
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4.4 Conclusion 
Revisiting the results of the work of Li et al.,155 the Pd/g-C3N4 system was able to show 
high conversions, though selectivity did not appear to structure-sensitive. Li et al. noted reaction 
conditions between 4 and 12 hours, much longer than our work. The products of the reaction were 
analyzed using similar GC-FID techniques, though selectivities from our work compared to theirs 
differ drastically. Our Pd/g-C3N4 catalyst was able to convert MBY to MBE or MBA much quicker 
than the Au@Au4Pd1 core-shell nanocube catalyst and our previously mentioned co-reduced 
Au4Pd near SAC, though the ability to selectively hydrogenate MBY to MBE was not seen. A 
more prominent conclusion can be made about the stability of the Pd/g-C3N4 system. The as-
synthesized catalyst shows single-atom Pd(II) sites on a g-C3N4 matrix, though as the catalyst is 
used in the hydrogenation reaction, Pd begins to reduce to Pd(0) and agglomerate on the g-C3N4 
matrix, losing the single-atom morphology. Care should be taken when calling these catalysts 
“single-atom,” as it is evident that Pd cluster formation occurs upon introduction to an H2(g) 
atmosphere, indicating that these systems are not robust.   
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Chapter 5 Conclusions and Future Work 
5.1 Conclusions on the Synthesis, Characterization, and Catalytic Properties of Quasi-
Homogeneous and Heterogeneous Pd-Based Catalysts  
 In Chapter 2, the synthesis of three different Pd-based catalysts was discussed. Quasi-
homogeneous bimetallic AuxPd catalysts (x = 4, 3, 2, and 1) were synthesized via two reduction 
methods, co-reduction and sequential reduction, to produce single-atom and NP catalysts. A 
heterogeneous catalyst was also designed to compare and contrast with the quasi-homogeneous Pd 
catalysts. In this synthesis, a precursor, K2PdCl4, was mixed with a g-C3N4 support with different 
weight percentages of Pd at 0.1%, 0.5%, and 2.0%. In the heterogeneous system, the Pd precursor 
was added to the support, followed by reduction, to produce a Pd/g-C3N4 catalyst. These catalysts 
were then subject to numerous characterization techniques to determine the structural 
characteristics of each catalyst.  
 In Chapters 3 and 4, TEM, XPS, and XAS techniques were employed to analyze the surface 
and composition of each catalyst. In Chapter 3, particle sizes were calculated for co- and seq- 
AuxPd catalysts to determine whether particle growth was occurring upon Pd addition. Results 
suggest that no secondary nucleation of Pd NPs is occurring upon Pd reduction in the Au matrix. 
This result was the first identification of a bimetallic system, though XPS and XAS techniques 
were more conclusive. In our XPS analysis, the Pd 3d peak and Au 4f peak showed that both Au(0) 
and Pd(0) metal were present on the surface of each catalyst. XAS was performed at the Pd K-
edge, Pd LIII-edge, and Au LIII-edge for the co-and seq-AuxPd catalysts to determine the local 
environment around Pd and Au metal centers. Shifts in the energy and intensity of the white line 
in the XANES region on the Pd K-edge and Au LIII-edge confirmed that electrons were being 
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withdrawn from the 4d band of Pd by neighbouring Au atoms. Modelling of the EXAFS region in 
R-space and k-space gave quantitative evidence that Pd was singly isolated in an Au matrix for 
co-reduced Au4Pd, giving a Pd-Pd first shell CN of 1.2 ± 0.3 and a large Pd-Au first shell CN of 
8.7 ± 0.8, indicating that a large amount of Pd was on the surface and almost exclusively 
surrounded by Au atoms (i.e. it is nearly a single-atom catalyst (SAC)). The sequentially reduced 
Au4Pd showed near single-atom structure with Pd only on the surface, though with a first shell Pd-
Pd CN of 1.6 ± 0.3 and a lower Pd-Au first shell CN of 6.1 ± 0.5. For the sequentially reduced 
AuxPd catalysts, it was determined through qualitative k-space analysis and EXAFS modelling 
that a core-shell morphology was present (i.e., an Au core with a Pd shell), as the Au in these 
AuxPd catalysts was in a near-bulk environment (i.e., they had a first shell Au-Au CN of 12). Large 
first shell Au-Au CNs and minute Au-Pd CNs were observed through EXAFS modelling, which 
further established a core-shell morphology for the sequentially reduced AuxPd catalysts.  
Results from the selective oxidation of crotyl alcohol showed that the bimetallic AuxPd 
catalysts were more active and selective in forming crotonaldehyde than typical monometallic Au 
and Pd NPs. Comparing the co-reduced and sequentially reduced AuxPd catalysts, it was shown 
that co-reduced Au4Pd, the near SAC, was most active with a conversion of 39 ± 9% and selectivity 
for crotonaldehyde of 77 ± 2%. As the ratio of Au:Pd decreased towards unity, both conversion 
and selectivity decreased. This trend was also observed for the sequentially reduced AuxPd 
catalysts, with seq-Au4Pd having a conversion of 21 ± 1% and selectivity towards crotonaldehyde 
of 62 ± 1%. Furthermore, the oxidation reaction was performed in the absence of O2(g) and the 
addition of vinyl acetate (VA). VA was successfully shown to perform as a sacrificial alkene to 
aid in removing Pd-H species from the surface of the catalysts, improving conversion and 
selectivity to crotonaldehyde and reducing side-product formation. Both conversion and selectivity 
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increased for co-reduced and sequentially reduced AuxPd catalysts at 4:1 and 1:1 Au:Pd ratios 
when VA was added to the reaction, with co-Au4Pd having a conversion of 45 ± 1% while seq-
Au4Pd gave a conversion of 30 ± 1%. Selectivities towards crotonaldehyde of 88 ± 1% and 78 ± 
1% were also observed for the co- and sequentially reduced catalysts, respectively. Through the 
work in Chapter 3, it was shown that a near SAC, co-Au4Pd, was more active and selective in 
oxidizing crotyl alcohol to crotonaldehyde compared to monometallic Au and Pd NPs, as well as 
other co- and seq-AuxPd catalysts.  
 In Chapter 4, a heterogeneous Pd/g-C3N4 catalyst with 0.1%, 0.5%, and 2.0% weight 
percentages of Pd was characterized via TEM, XPS, and XAS techniques. This SAC was then 
subjected to the hydrogenation reaction of 2-methyl-3-butyn-2-ol (MBY) to see if the alkene, 2-
methyl-3-buten-2-ol (MBE), could be produced selectively. XPS spectra were collected for the Pd 
3d peaks for Pd/g-C3N4 catalyst that was not reduced (denoted “as-synthesized”) and reduced by 
NaBH4 to analyze the Pd speciation on g-C3N4. From XPS fitting, it was determined that the as-
synthesized catalyst was predominantly Pd(II). Upon reduction with NaBH4, a large Pd(II) feature 
was observed along with a small Pd(0) feature. This result suggests that some Pd is indeed reduced 
from an oxidation state of 2+ to 0 upon NaBH4 addition. Furthermore, XANES data was collected 
on SXRMB at the CLS on the Pd LIII-edge for the as-synthesized, post H2(g), and reduced catalysts. 
It was observed that a noticeable decrease in the white line intensity ca. 3175 eV occurred after 
reduction with NaBH4 or with the use of the unreduced catalyst as a hydrogenation catalyst. This 
further proves that Pd begins to reduce under an H2(g) atmosphere, as well as upon NaBH4 addition. 
EXAFS analysis was performed on HXMA and BioXAS beamlines at the CLS on the Pd K-edge. 
From EXAFS data fitting, it was determined that the 0.1, 0.5, and 2.0% Pd/g-C3N4 catalysts 
showed minimal first shell Pd-Pd CNs of 1.5 ± 0.5, 1.4 ± 0.6, and 2.2 ± 1.1, respectively, while 
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more substantial first shell Pd-N contributions were seen. No obvious trend was apparent in terms 
of the Pd-Pd CN and weight percentage of Pd used. More conclusively, a series of 2.0% Pd/g-
C3N4 catalysts as-synthesized, subject to H2(g) treatment, and reduced by NaBH4 were analyzed by 
EXAFS. From EXAFS fitting data, a conclusion can be made that the as-synthesized catalyst has 
Pd(II) in a single-atom environment, as no Pd-Pd contributions were apparent. However, upon 
H2(g) treatment to simulate the hydrogenation environment, it was found that Pd(II) begins to 
reduce to Pd(0), forming small Pd clusters on the g-C3N4 matrix. Furthermore, the reduced Pd/g-
C3N4 catalyst by NaBH4 showed further Pd agglomeration and cluster formation. Pd-Pd first shell 
CNs for the treated and reduced catalysts were determined to be 1.0 ± 0.2 and 2.2 ± 1.1, 
respectively. These EXAFS fitting results agree with previous conclusions made from XPS and 
XANES analyses.  
Pd/g-C3N4 catalysts were evaluated for the hydrogenation of MBY. As the weight 
percentage of Pd was increased, the activity of the catalyst increased, though selectivity towards 
the alkene (MBE) was not achieved. Conversions of 44, 99, and 99% were observed for a 1 hour 
hydrogenation reaction for each catalyst, respectively. Selectivities towards MBE of 90, 67, and 
0% were achieved, respectively. The decrease in selectivity is simply due to the fully-hydrogenated 
product, 2-methyl-2-butanol (MBA), being produced more rapidly with increasing Pd weight 
percentage. The 2.0% Pd/g-C3N4 catalyst was then compared to an as-synthesized 2.0% Pd/g-C3N4 
catalyst in the same 1 hour hydrogenation of MBY. Conversions of 99 and 99% were obtained, 
with selectivities to MBE of 0 and 1%, respectively. This result further suggests that Pd is reduced 
during the hydrogenation reaction, as the catalysts behave almost similarly during the 1 hour 
reaction. Finally, a time study was performed to compare the activity and selectivity of a reduced 
0.5% Pd/g-C3N4, PVP-stabilized co-Au4Pd, and PVP-stabilized Pd NP catalyst. This serves as a 
84 
 
comparison between the catalyst from Chapter 3 and Chapter 4, as well as an observation of 
structure-sensitivity in terms of producing MBE from MBY without any MBA. Each catalyst was 
able to convert MBY to MBE, though as the time of the reaction was increased from 30 minutes 
to 1 hour to 1.5 hours, the selectivity of MBE decreased to near 0% for each catalyst. This suggests 
that the hydrogenation reaction is not structure-sensitive and that either a heterogeneous or quasi-
homogeneous catalyst can be used to hydrogenate MBY, though neither catalyst can selectively 
isolate the semi-hydrogenated MBE product. Through the work in Chapter 4, it was shown that an 
as-synthesized Pd/g-C3N4 catalyst has Pd(II) in a single-atom morphology, though upon reduction 
by H2(g) or NaBH4, the single-atom Pd morphology is partially lost as Pd clusters begin to form. 
This result indicates that care should be taken when denoting these catalysts as “single-atom” in 
the literature, as it is apparent that the reaction environment or addition of a reducing agent can 
produce Pd clusters on a g-C3N4 matrix. Another conclusion can be made about the structure-
sensitivity for the hydrogenation of MBY to MBE. Through our work in Chapter 4, it was shown 
that both SAC and non-SAC Pd catalysts could convert MBY to MBE and further to MBA without 
any indication that MBE can be selectively produced. This would indicate that no structure-
sensitive relationship for hydrogenation reactions exist in this system.   
In this work, a series of near SACs were synthesized, characterized, and evaluated in the 
oxidation of crotyl alcohol and hydrogenation of 2-methyl-3-butyn-2-ol. Both quasi-homogeneous 
and heterogeneous Pd-based catalysts were synthesized in this work. Through the characterization 
of these catalysts with TEM, XPS, and XAS, it was shown that we were able to make a single-
atom bimetallic and monometallic catalysts supported on an Au NP and graphitic carbon nitride, 
respectively. In the oxidation of crotyl alcohol, it was shown that a near SAC (co-Au4Pd) is not 
only more active but also more selective in producing crotonaldehyde, the desired product from 
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crotyl alcohol, relative to larger bimetallic and monometallic NP catalysts. It was also discovered 
that the heterogeneous Pd catalyst (Pd/g-C3N4) was not active for the oxidation reaction. For the 
hydrogenation of 2-methyl-3-butyn-2-ol, it was shown that the Pd/g-C3N4 heterogeneous catalyst 
was more active than the quasi-homogeneous near SAC, but selectivity towards the alkene could 
not be controlled using either catalyst. This reaction was also performed with a larger Pd NP 
catalyst, again showing no obvious selectivity. This lack of selectivity in either a near SAC or 
larger NP catalyst indicates that the hydrogenation reaction is not structure-sensitive. Through 
EXAFS fitting, it was shown that over the course of the hydrogenation reaction, Pd begins to 
agglomerate on the surface of graphitic carbon nitride, losing its single-atom structure. The final 
state of the catalyst after catalysis is rarely reported for SACs in the literature, and this works 
shows that it cannot be assumed that SACs retain their structures during catalytic events.  
5.2 Future Work  
5.2.1 Methane Oxidation 
 Recently, Pd- and Pt-based SACs and NPs have been studied in the selective oxidation of 
methane (CH4) to methanol (CH3OH).
39–41,116,157 For example, Agarwal et al. synthesized a 
bimetallic AuPd colloid catalyst for the selective oxidation of methane to methanol under high 
pressure and moderate temperature conditions (30 bar of CH4 at 50 
oC). The issue with most 
methane oxidation reactions is the need for high temperature and pressure systems to oxidize 
methane, creating either a dangerous work environment or expensive cost for producing methanol. 
Current approaches towards methanol formation involve the use of syngas, a mixture of CO and 
H2. This process is not economically favourable, has a low carbon efficiency, and is a multistage 
process.157 DFT studies are becoming prominent40,158,159 for the use of SACs in the direct 
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conversion of methane to methanol, though few laboratory-scale experiments have been 
performed. The use of metal-based SACs under ambient conditions to oxidize methane into 
methanol could massively improve the economic and environmental aspects of this industrially 
relevant catalytic cycle.  
5.2.2 Using Operando Synchrotron Techniques for In Situ Catalysis  
 Within our group and others,21,26,136,160,161 in situ catalysis at synchrotron facilities has been 
used to evaluate numerous characteristics of catalysts during catalytic reactions. “On the line” 
catalysis is a term used for running catalytic experiments while collecting XAS data at the same 
time, providing information on how a catalyst behaves under the reaction conditions. This 
information can be used to either improve the catalyst or the catalytic conditions to create a more 
efficient cycle. For example, an in situ oxidation of crotyl alcohol, “on the line,” could be 
performed at the CLS to evaluate when the catalytic reaction begins or ends and how the catalyst 
behaves under certain conditions (i.e., does it oxidize or degrade). A reaction cell would have to 
be designed to deliver a set amount of substrate (crotyl alcohol) over a designated period, while 
also incorporating either O2(g) or vinyl acetate under high-stirring conditions. XAS scans would 
have numerous times over a specified time interval. We could also employ operando techniques162–
165 to quantify the products of the reaction during analysis on the beamline. For example, gas 
chromatography could be attached to the system, and the products of a crotyl alcohol oxidation 
could be quantified almost instantaneously. 
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5.2.3 Designing a Pd/g-C3N4 Single-Atom Catalyst for Structure-Sensitive Hydrogenation 
Reactions  
 From our work in Chapter 4, it was shown that the Pd/g-C3N4 catalyst was not truly a SAC; 
that is, the Pd-Pd first shell CNs were slightly above 1 at each weight percentage of Pd. Future 
work with this catalyst would include optimizing the synthesis to reduce Pd agglomeration in the 
g-C3N4 matrix to design a single-atom heterogeneous catalyst for use in structure-sensitive 
hydrogenation reactions. The hydrogenation of MBY was shown to occur using both quasi-
homogeneous and heterogeneous catalysts in Chapter 4, with no selectivity towards the alkene 
product. We were not able to control the production of the alkene, with time being the only factor 
in the reaction. It would be beneficial to show that the structure of the catalyst can dictate which 
products are formed for other possible reactions (i.e. a structure-sensitive reaction). In the 
literature, the dependence on the catalyst structure is shown to drive reactions to produce the 
desired product without the formation of side-products.166–169 It would be useful to show that our 
g-C3N4 catalyst is capable of selectively producing some desired product and compare that to the 
quasi-homogeneous catalysts that have different structures. A model reaction that could be 
followed is the hydrogenation of phenol, as shown by Guan et al.169 and Zhang et al.168 The 
hydrogenation of phenol is particularly important to produce biodiesel and other bio-oils. 
Oxygenated aromatic compounds, such as phenol, are detrimental to the efficiency of bio-oils and 
need to be removed.168,169 If we were able to convert these phenolic compounds to useful 
compounds such as ketones, alcohols, and hydrocarbons, selectively, it would prove to be 
environmentally and economically beneficial.  
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Appendix  
Figure A1. Au LIII-edge EXAFS fit for Au foil.  
Figure A2. Pd K-edge EXAFS fit for Pd foil. 
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Figure A3. Pd K-edge EXAFS fit for co-Au4Pd. 
Figure A4. Au LIII-edge EXAFS fit for co-Au4Pd. 
 
111 
 
 Figure A5. Pd K-edge EXAFS fit for co-Au3Pd. 
Figure A6. Au LIII-edge EXAFS fit for co-Au3Pd. 
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Figure A7. Pd K-edge EXAFS fit for co-Au2Pd. 
Figure A8. Au LIII-edge EXAFS fit for co-Au2Pd. 
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Figure A9. Pd K-edge EXAFS fit for co-AuPd. 
Figure A10. Au LIII-edge EXAFS fit for co-AuPd. 
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Figure A11. Pd K-edge EXAFS fit for seq-Au4Pd. 
Figure A12. Au LIII-edge EXAFS fit for seq-Au4Pd. 
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Figure A13. Pd K-edge EXAFS fit for seq-Au3Pd. 
Figure A14. Au LIII-edge EXAFS fit for seq-Au3Pd. 
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Figure A15. Pd K-edge EXAFS fit for seq-Au2Pd. 
Figure A16. Au LIII-edge EXAFS fit for seq-Au2Pd. 
 
117 
 
Figure A17. Pd K-edge EXAFS fit for seq-AuPd. 
Figure A18. Au LIII-edge EXAFS fit for seq-AuPd. 
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Figure A19. Pd K-edge EXAFS fit for 0.1% Pd/g-C3N4. 
Figure A20. Pd K-edge EXAFS fit for 0.5% Pd/g-C3N4. 
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Figure A21. Pd K-edge EXAFS fit for 2.0% Pd/g-C3N4 as-synthesized. 
Figure A22. Pd K-edge EXAFS fit for 2.0% Pd/g-C3N4 post H2(g) treatment. 
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Figure A23. Pd K-edge EXAFS fit for 2.0% Pd/g-C3N4. 
 
 
 
 
 
